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ABSTRACT
Blast resistant glazing systems typically use laminated glass to reduce
the risk of flying glass debris in an explosion. Laminated glass has a
bonded polymer interlayer that retains glass fragments upon fracture.
With proper design, the flexibility of the interlayer in laminated glass
can offer protection from significantly higher blast loads when com-
pared to an equivalent monolithic pane. This thesis investigates the
post-fracture behaviour of laminated glass under blast loading and
aims to build the knowledge required to improve design methods for
blast resistant glazing.
Full-scale open-air blast tests were performed on laminated glass
containing a polyvinyl butyral (PVB) interlayer. Test windows ranged
in size from 1.5m× 1.2m to 3.5m× 1.8m and were bonded to robust
frames using structural silicone sealant. Blast loads were produced us-
ing charge masses of 15 kg to 500 kg (TNT equivalent) and distances
of 10m to 30m. Deflection and shape measurements were obtained
using high-speed digital image correlation. Measurements of loading
at the joint were also made with strain gauges. The main failure mech-
anisms observed were the cohesive failure of the bonded silicone joint
and tearing of the interlayer.
These failure mechanisms were investigated further using a high-
speed tensile test machine to reproduce blast loading conditions.
Cracked laminated glass samples were loaded in tension at varying
rates. Their response was characterised by a rate dependant plateau
force which can be used to estimate the maximum load on the glaz-
ing joint. Delamination between the PVB and glass was found to play
a key role in the laminate response. Thinner PVB and higher strain
rates reduced the delamination area, leading to premature tearing of
the interlayer. The strength of structural silicone sealant in a blast situ-
ation was also investigated. A novel test method was used to determ-
ine the bond length required to retain the laminated glass window in
a blast event. A nominal strength of not greater than 1.1MPa should
be used for design of conventional single-sided silicone joints.
A finite element model of the laminated glass response to blast
loading was developed using the results of the experimental invest-
igations. The failure predictions of the model were compared against
a single-degree-of-freedom (SDOF) model and showed good agree-
ment. Differences in the deflected shape at maximum deflection were
seen between the model and those measured in blast testing.
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1
INTRODUCT ION
Buildings with prominent glazed façades make ideal targets for ter-
rorists aiming to maximise human casualties and apparent damage.
Annealed float glass commonly used in windows is a brittle material
that offers little resistance to the blast waves produced by explosions.
It breaks into sharp fragments that can travel at high velocity after the
pane fractures. Historically, the majority of injuries from bomb blasts
have been from glass fragments [1]. Laminated glass has been found
to be effective at mitigating these risks and is used to protect build-
ing occupants by retaining glass fragments on a polyvinyl butyral
(PVB) interlayer upon fracture (Figure 1.1). Significant resistance to
blast loading is seen in laminated glass even after the glass plies have
fractured.
Blast loading of a building is such an extreme event that it is accep-
ted that some damage is unavoidable. The foremost priority of the
designer concerned with blast loading should be in minimising the
risk of injury to building occupants. However, people are rightly un-
willing to live and work in buildings that appear heavily hardened.
Figure 1.1: Cracked laminated glass windows after the Irish Republican
Army (IRA) detonated a large explosive device in London Dock-
lands, 1996.
1
1.1 glazing systems under blast loading
Design for protection against blast in civil structures must not com-
promise the primary functions of that building or place too signific-
ant a restriction on architectural aspirations (for example maximising
light entering through a façade by minimising frame and joint sizes).
Other economic constraints should also be considered, such as total
cost of and time-scale for repair. An engineer concerned with the
design of glazing façades that are resilient to blast loading must bal-
ance these needs. To do this it is essential that the failure mechanisms
in laminated glass and other façade components are fully understood.
1.1 glazing systems under blast loading
Monolithic glass
Annealed float glass is the most commonly used glazing material.
However, its use as a blast resistant material is limited due to its brittle
nature. Under blast loading the glass experiences bending stresses as
the window pane deflects, with the largest stresses existing on the
glass surface. The stress at which the glass breaks is controlled by the
presence of random microscopic flaws on the glass surface. Fracture
of the pane occurs when the tensile stress at a flaw is high enough to
cause crack propagation. Variation in flaw size and orientation causes
a wide variation in the strength of annealed glass. Upon fracture,
sharp fragments are created which pose a significant hazard.
An increase in strength can be obtained through a tempering pro-
cess to create toughened glass. In this process annealed glass is heated
above its annealing point and then the outer surfaces are rapidly
cooled, creating a stress distribution across the thickness of the pane.
Once cool, a permanent compressive stress exists on the outer sur-
faces of the pane which must be overcome before fracture can initi-
ate. Toughened glass can therefore withstand increased blast loads
without failing. It also has the additional benefit of shattering into
small, blunt fragments.
Monolithic glass presents a serious hazard to building occupants
under blast loading due to the high velocity with which the glass
fragments are propelled into the building after failure. Monolithic
panes can be retrofitted with a polymer anti-shatter film which holds
fragments together after fracture and can be effective for loading up
to a certain intensity. However, additional fixing is not usually made
between the film and the window frame, promoting failure around
the film edges and allowing the pane to be propelled into a build-
ing as a whole sheet. Its use for blast protection is therefore severely
limited.
2
1.1 glazing systems under blast loading
Laminated glass for blast protection
For increased protection from blast, modern glazing systems use lam-
inated glass bonded to robust framing with structural silicone adhes-
ives. Laminated glass consists of one or more polymer layers sand-
wiched between layers of glass. Polyvinyl butyral (PVB) is the most
common interlayer and is bonded between the glass layers by the ap-
plication of pressure and heat. It is commercially manufactured in
sheets 0.38mm thick for the architectural glazing market. More than
one PVB sheet can be used in an interlayer, increasing the overall in-
terlayer thickness in multiples of 0.38. Current recommendations for
blast resistance advise a minimum interlayer thickness of 1.52mm [2].
Annealed float glass is the most common material used for the glass
plies due to cost. However, tempered glass can also be used where in-
creased initial strength is required, although slight undulations from
the tempering process can make laminating difficult. For situations
where impact and ballistic strength is a consideration, additional lay-
ers of polycarbonate are used in the laminate.
Under blast loading a laminated glass pane initially deflects in a
manner similar to a monolithic pane, that is as an elastic plate. This is
termed the precrack phase of the laminated glass response. Fracture
of the glass plies again occurs when the tensile stress at a flaw any-
where on the glass surface is high enough to cause crack propagation.
After the glass plies fracture, the laminate is said to be in the post-
crack phase of the response. In this phase the glass fragments are
held bonded to the PVB interlayer, giving continued resistance to the
blast wave. The cracked laminate behaves similarly to a membrane
and is able to undergo large deflections without further damage (Fig-
ure 1.2). Failure of the laminate occurs by PVB tearing and the condi-
tions for this are not well understood. To be effective the laminated
glass needs to be strongly fixed to a supporting structure. If the joint
or framing structure is not strong enough, the pane could detach and
enter a building at high velocity, injuring occupants.
Structural silicone sealant is commonly used to bond the lamin-
ate to a framing structure. In commercial buildings the framing is
often constructed from extruded aluminium alloy sections. The lam-
inate is restrained at two or four edges of the pane with a silicone
bonded joint on one or both faces of the laminate. Securing at all
four edges on both sides is the recommended practice for blast resist-
ance. However, single-sided joints are increasingly preferred by archi-
tects for aesthetic reasons. Minimum joint dimensions are calculated
with reference to the dead-weight of the pane, the wind loading and
thermal expansion. Current recommendations for blast resistance ad-
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Figure 1.2: Example of postcrack deformation in laminated glass due to
blast loading.
vise a double-sided silicone joint of at least 35mm in depth [2]. Other
methods of restraining laminated glass exist such as rubber gaskets,
glazing tape and mechanical point fixings. These systems are gener-
ally considered to give inferior blast protection to silicone bonded
edges.
1.2 aims and objectives
The primary aim of this research is to improve the understanding
of the behaviour of laminated glass and the transfer of load to the
joint in the postcrack phase of the blast response. This is so that cur-
rent design standards can be improved, helping structural engineers
optimise their glazing designs for a specific blast threat.
Little published experimental data from full scale blast tests on lam-
inated glass exists in the literature. This thesis aims to address this
gap by performing full scale blast tests on instrumented laminated
glass panes. The objective of these tests is to record the deflection-
time history of laminated glass during a bomb blast and characterise
the shape as it deflects using high-speed 3D digital image correlation.
Detailed measurements of this type have not been made before and
will provide an increased understanding of the deflection of lamin-
ated glass under blast loading as well as much needed experimental
validation for existing analytical and finite element models. Under-
standing of the edge loading imposed by a laminated glass pane dur-
ing a bomb blast is also limited and will be measured experimentally
during a blast to validate current estimates.
Factors influencing the behaviour of laminated glass in the post-
crack phase are not well understood. To address this the effect of
strain rate, crack pattern and interlayer thickness on the response
of laminated glass will be determined. The dimensions of a silicone
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glazing joint required to retain a laminated pane under blast load-
ing conditions are not currently optimised. Failure mechanisms and
strength of silicone glazing joints of different dimensions under blast
loading conditions will be identified and quantified.
Existing finite element models do not simulate the blast response
of laminated glass in the postcrack phase. The findings of the ex-
perimental investigations conducted here will be incorporated into a
finite element model with the aim of aiding the prediction of failure
and loads imposed on supporting structures for design purposes.
1.3 thesis outline
This thesis is divided into eight chapters. The research problem, aims
and objectives are introduced here. The second chapter provides a
critical review of literature that is relevant to the research topic. The
main body of the thesis is divided into five chapters; four on experi-
ments and one on modelling.
Chapter 3 describes a series of eight full-scale open-air blast trials
conducted on laminated glass windows at RAF Spadeadam, Cum-
bria. Explosive charges ranging in mass from 15 kg to 500 kg (TNT
equivalent) were used to test 12 windows at stand-off distances from
10m to 30m. High-speed 3D digital image correlation (DIC) was used
to track displacement and strain in the windows and edge reaction
forces were measured using strain gauges fitted to existing window
frames. The observations made during these tests provide the motiv-
ation for the experimental investigations conducted in Chapters 4, 5
and 6.
Chapter 4 details an experimental investigation into the stress-strain
response of PVB, the most commonly used interlayer material in
laminated glass, over a range of strain magnitudes and strain rates.
Chapter 5 describes the behaviour of cracked laminated glass under
tensile loading. The effects of strain rate, crack pattern, crack dens-
ity and interlayer thickness on the cracked laminate response were
investigated.
Chapter 6 investigates the strength of single-sided silicone glazing
joints under blast loading. Glazing joints of different bite depths were
tested to failure and the effect of pull angle and velocity on the ob-
served failure strength was determined.
The experimental findings presented in these chapters were used to
build and provide input data for the blast response model described
in Chapter 7. In this chapter a finite element model was developed
to capture the precrack and postcrack phase of the laminated glass
response. The failure predictions of the model were compared against
5
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a single-degree-of-freedom (SDOF) model. Conclusions and topics for
further investigation are given in Chapter 8.
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2.1 blast loading
Detonation of an explosive rapidly releases large amounts of concen-
trated energy, producing a high pressure shock wave moving out-
ward from the source. The shock wave, usually termed a blast wave
in air, is formed by an intense pressure pulse of compressed air trav-
elling at supersonic velocities. It is characterised by an almost instant-
aneous rise in pressure followed by a rapid, exponential like, decay.
The typical form of a blast wave pressure-time profile in free air is
shown in Figure 2.1 where ps is the peak relative overpressure, ta is
the arrival time, tp is the positive phase duration and is is the spe-
cific impulse (equal to the area under the pressure-time curve in the
positive phase). The momentum of the air in the blast wave results in
overexpansion and the positive phase is followed by a negative phase
of amplitude pn and duration tn. Eventually the pressure returns to
atmospheric conditions. The pressure-time profile can be approxim-
ated by the modified Friedlander equation which has the form
p(t) = ps
(
1−
t
tp
)
e
−bp
t
tp (2.1)
where t is the time measured after the arrival of the wavefront
and bp is the waveform parameter which is a function of the peak
overpressure ps [3].
Blast waves are described as being self-similar. If two charges of the
same explosive material but different diameters are detonated, then
the ratio of distances at which a particular overpressure occurs is the
same as the ratio of charge diameters. Arrival time, positive phase
duration and positive impulse will also have the same ratio for the
two charges. These scaling laws were first derived independently by
Hopkinson [4] and Cranz [5] and is known as Hopkinson-Cranz scal-
ing. Their approach leads to blast wave parameters being expressed
as a function of scaled distance Z given by
Z =
R
W1/3
(2.2)
7
2.1 blast loading
Figure 2.1: Typical pressure-time history of a blast wave in free air.
where R is the radius of the blast wave (or distance from the source)
andW is the charge mass in equivalent weight of TNT, with the cube
root of charge mass W1/3 being proportional to the charge diameter.
For explosives other than TNT the charge mass must be converted to
an equivalent TNT charge mass using a conversion factor.
2.1.1 Prediction of blast wave parameters
The equations which govern the conditions at a shock front were dis-
covered independently by Rankine [6] and Hugoniot [7]. A numerical
method for calculating the propagation of shock waves, using artifi-
cial viscosity terms to account for discontinuities across the shock
front, was developed by von Neumann and Richtmyer [8] and was
subsequently used by Brode [9] for the calculation of spherical blast
waves in free air. From the numerical results, Brode suggested the
following empirical equations for peak overpressure
ps =


6.7
Z3
+ 1 bar ps > 10 bar
0.975
Z +
1.455
Z2
+ 5.85
Z3
bar 0.1 < ps < 10 bar
(2.3)
where the units of Z are m/kg1/3. These predictions were verified ex-
perimentally by Kingery [10] and remain accurate for scaled distances
above 0.5m/kg1/3. Values for the most important blast parameters plot-
ted as a function of scaled distance are given in Baker [11], Smith
and Hetherington [3] and the design code UFC 3-340-02 (previously
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TM5-1300) [12].
2.1.2 Blast wave interactions
So far only the propagation of a blast wave in free air has been con-
sidered. For a charge detonated on the ground it is usually assumed
that 80% of the blast wave energy is reflected from the ground, the
remainder is dissipated as ground shock and in the creation of a
crater [3]. Therefore, increasing the charge weight by a factor of 1.8
allows the free air equations to be used for surface blasts.
When a blast wave encounters a structure the wave will reflect from
and diffract around the structure causing a complex interaction to
take place. The pressure acting on a structure when a wave reflects
from it is higher than that of the incident wave alone due to the su-
perposition of the incident and reflected waves. In addition the mo-
mentum of the air behind the shock front also increases the pressure
acting on the reflecting surface. Assuming the structure can be con-
sidered as infinitely large and rigid and that the angle of incidence
of the blast wave is zero, that is the direction of propagation is nor-
mal to the reflecting surface, the peak reflected overpressure pr can
be calculated by
pr = 2ps
(
7patm + 4ps
7patm + ps
)
(2.4)
where patm is atmospheric pressure [3]. The impulse transmitted
to the structure is the area under the reflected pressure-time history
and is termed the reflected impulse ir. Examination of Equation 2.4
reveals that the reflected overpressure, pr, tends towards twice the in-
cident overpressure, ps, when the incident overpressure is small com-
pared to atmospheric pressure (the acoustic limit). When the incident
overpressure is large compared to the atmospheric pressure the reflec-
ted overpressure tends towards eight times the incident overpressure.
The ratio between the incident pressure and the reflected pressure is
termed the reflection coefficient Cr. However, values for Cr above 20
have been observed at very small stand-off distances [13]. Equation
2.4 is based on the assumption that the air behaves as an ideal gas
and at ranges close to the explosive charge this is not the case.
For angles of incidence other than zero the interaction with the
structure can be more complex. For angles between 0◦ and 40◦ regular
reflection occurs and the reflection coefficient is relatively constant for
small incident overpressures, with a decrease in reflection coefficient
at increasing angles of incidence for larger incident overpressures. At
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incident angles above 40◦ Mach reflection occurs. In Mach reflection
the reflected wave catches up with the incident wave at a point above
the reflecting surface, producing a wavefront with enhanced pressure
termed the Mach stem. For angles between approximately 40◦ and
55◦ the reflected pressure can be higher than that for reflection at a
zero incidence angle, depending on the incident overpressure. At an
angle of incidence of 90◦ no reflection occurs and the pressure acting
on the structure is that of the incident wave alone. This is sometimes
referred to as the side-on pressure.
Taylor [14] showed that the assumption of an immovable surface
overestimates the transmitted impulse in many situations. He con-
sidered the effects of an underwater blast wave on unrestrained rigid
plates of finite mass. For heavy plates, the immovable surface assump-
tion remains valid and the transmitted impulse was accurately calcu-
lated. However, for light plates he found that the impulse transmitted
was reduced by the motion of the plate. This effect has been used to
design composite panels for increased resistance to underwater blast
loading [15, 16, 17, 18, 19]. Taylor’s analysis has been extended by
Kambouchev et al. [20] to account for nonlinear compressibility ef-
fects present in air. They found that effects on transmitted impulse
were marginal for low intensity blast waves but significant for high
intensity blast waves.
When the object in the path of a blast wave is of a finite size the
wave diffracts around it. An important part of the diffraction process
is an effect known as clearing. When the blast wave encounters the
front face of a structure the pressure on that face immediately jumps
to the reflected overpressure. At the edges of the structure the reflec-
ted pressure will be much greater than the incident pressure in the
wave passing over the top and around the sides of the structure. This
causes rarefaction waves to propagate in from the edges towards the
centre of the front face, reducing the pressure and impulse acting on
that face.
2.1.3 Prediction of blast loads on structures
The most widely used empirical method for the prediction of blast
loads on structures is an implementation of UFC 3-340-01 (previously
TM 5-855-1) in the computer program ConWep [21, 22]. The program
implements the equations of Kingery and Bulmash [23] which are
curve-fits to experimental data describing the peak incident and re-
flected overpressures, incident and reflected positive impulse, posit-
ive phase duration and arrival time. The program uses Equation 2.1
to calculate the pressure-time history from these parameters. Reflec-
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tion at angles of incidence other than zero are accounted for using the
curves of reflection coefficient against angle of incidence presented in
UFC 3-340-01. The effects of clearing are also taken into account by an
empirical equation which considers the distance between the point of
interest and the nearest free edge.
Whilst the empirical methods can give a good estimate of the blast
load for engineering purposes when used correctly, they can only be
used where the geometry of the structure being loaded is simple and
the effects of neighbouring buildings are negligible. A more thorough
approach is to use computational fluid dynamics (CFD) to solve the
fundamental equations that describe propagation of a shock wave
through a fluid. Two commonly used CFD programs for blast load
prediction are Air3D (now ProSAir) [24] and ANSYS AUTODYN.
Both programs allow the user to construct complex city environments
in three dimensions and simulate the propagation of a blast wave
around the structures.
The programs use symmetry conditions in the early stages of ana-
lysis to minimise computational cost. Simulations start with a one
dimensional domain to model the blast wave between the charge
and the nearest reflecting surface. The detonation can be modelled
as an isothermal bursting sphere or with the Jones-Wilkins-Lee (JWL)
equation-of-state [25]. The JWL equation-of-state takes into account
the actual detonation products produced, giving improved predic-
tions of the load close in to the charge. Once the wavefront reaches
the nearest reflecting surface (usually the ground) the one dimen-
sional domain is remapped to a two dimensional domain to model
ground reflections. The analysis is then continued until it reaches the
nearest structure, when the two dimensional domain is remapped to
a full three dimensional domain. This approach allows for clearing
effects and reflected waves from other structures to be taken into ac-
count.
Air3D assumes that the structures are rigid and therefore does not
take into account changes in pressure and impulse due to motion of
a structure. AUTODYN is able to account for fluid structure interac-
tion (FSI) by coupling the CFD simulation with a finite element (FE)
analysis of the structural response. This is achieved by allowing the
CFD computational domain to update and remain in contact with, or
coupled to, the structure as it deflects. Whilst CFD simulations can
yield accurate results of the load experienced by a structure, it comes
at the expense of significant computational time and skill in ensuring
accuracy.
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2.2 mechanics of laminated glass
2.2.1 Flexural behaviour
Analytical models
An analytical model for the behaviour of laminated glass under uni-
form loading was described by Norville et al. [26]. The model calcu-
lates an equivalent section modulus for the laminated glass which
is dependent on the fraction of horizontal shear force transferred
between the glass plies by the PVB interlayer. Figure 2.2 shows the
different possible flexural stress distributions in the glass plies de-
pending on the fraction of horizontal shear stress, q, transferred by
the interlayer. At one extreme the PVB transfers no horizontal shear
stress (q = 0) and its only function is to maintain the separation dis-
tance between the glass plies (Figure 2.2a). In this case each glass ply
bends independently and the total laminate flexural stiffness is the
sum of the flexural stiffness of the individual glass plies. At the other
extreme significant flexural stresses exist within the interlayer in addi-
tion to the transfer of all the horizontal shear stress between the glass
plies (Figure 2.2c). The limiting value of q occurs when the stress
distribution varies linearly through the thickness and would only be
obtained when the elastic modulus of the PVB interlayer equals that
of the glass plies.
The analysis by Norville et al. showed that for most laminates the
PVB interlayer only needs to transfer a fraction of horizontal shear
(a) q = 0 (b) q = 1 (c) q > 1
Figure 2.2: Flexural stress distribution through laminated glass thickness.
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stress between the glass plies (q < 1) to give a section modulus ex-
ceeding that of the equivalent monolithic pane. The equivalent mono-
lithic pane was defined as a monolithic pane of the same thickness
as the total thickness of the glass plies in a laminate. For example a
6mm monolithic pane would be equivalent to a 7.52mm laminated
pane consisting of two 3mm glass layers and 1.52mm PVB interlayer.
Since PVB is a strain rate dependent material, the amount of hori-
zontal shear stress transferred between the glass plies is dependent
on the rate of applied loading and temperature. At low temperatures
(0◦C) or short time scales it was found that q > 1, at high temperat-
ures (50◦C) or long time scales values of q were of the order of 0.3
and at room temperature (23◦C) values of q were of the order of 0.8.
It was concluded that under most loading conditions that laminated
glass has a higher section modulus than the equivalent monolithic
pane. The increase in section modulus also reduces the peak tensile
stress on the outer surface of the glass plies and accounts for an ap-
parent increase in fracture strength for a given load when compared
to an equivalent monolithic pane.
Alternative models of laminated glass panes subjected to uniform
static pressure loads have been developed by Vallabhan et al. [27]
and Asik [28]. They use von Karman’s nonlinear theory of plates to
describe the behaviour of the glass plies and assume that the inter-
layer is incompressible and functions only to transfer shear stress
between the glass plies. Solution of the derived nonlinear differential
equations is achieved using the finite difference method. However,
application of their models is complex for the solution of practical
problems and they offer no significant advantage over a finite ele-
ment based approach.
Experimental studies
Behr et al. [29] compared, by experiment, the behaviour of laminated
glass under lateral pressures to monolithic glass of the same nominal
thickness. With dynamic lateral pressures (wind loading for example)
the behaviour was found to be similar providing the laminate was at
or below room temperature. For elevated temperatures the behaviour
differs significantly. With static lateral pressures, the behaviour was
found to be similar for temperatures below 0◦C. Good agreement
was found between the predicted deflections of Norville et al. and
deflections observed by Behr et al..
Hooper [30] conducted four-point bending experiments on lamin-
ated glass beams. Strain gauges were attached to both sides of each
glass ply before lamination so that the flexural strain distribution in
the beam could be determined. It was concluded that for design pur-
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poses that laminates experiencing long duration loads should be con-
sidered as two independent glass plies, with the interlayer only acting
to separate the plies. For short duration loads the shear modulus of
the interlayer increases, resulting in an increase in section modulus.
The shear modulus of the interlayer at maximum operating temperat-
ure therefore needs to be known to calculate the bending stresses.
2.2.2 Viscoelastic effects
Bennison et al. [31] and van Duser et al. [32] used a Generalized Max-
well Series to account for the time dependent modulus of PVB inter-
layers. Terms in the Maxwell model were determined experimentally
using dynamic mechanical analysis. The time dependent PVB ma-
terial model was used in finite element models of a plate subjected
to uniform pressure loading and biaxial flexure. It was found that for
most laminates the peak tensile stress on the outer surface of the glass
plies was lower than that for an equivalent monolithic pane. The ad-
vantage of this approach is that the PVB shear modulus is calculated
during the analysis and therefore accounts for time dependent effects.
Variation in shear modulus at different temperatures was also taken
into account by using the Williams-Landel-Ferry (WLF) equation [33]
to shift the time dependent shear modulus curve to a different tem-
perature.
2.2.3 Strength of window glass
Griffith’s [34] classic paper on the strength of materials contained
the fundamental ideas on which the field of fracture mechanics is
based, and results from experiments on glass were used to verify his
ideas. Griffith suggested that every object contains a random distribu-
tion of different sized flaws and that failure will occur at the largest
of these. The effective strength of a material under a uniform stress
therefore depends on the size of the largest flaw in the material. This
was proved by testing glass fibres of different diameters to failure
and assuming that the largest flaw in a sample would be limited by
the diameter of that sample. It was found that as the diameter of the
glass fibre was reduced that the tensile breaking stress increased, thus
confirming the theory.
The dependence of the strength of glass on the presence of flaws
gives rise to a large variability in effective strength for real windows.
Microscopic flaws always develop on the glass surface when it is ex-
posed to water vapour in the atmosphere due to a chemical reaction.
They also occur during processing, cleaning and from wind abrasion.
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The breaking strength of window glass is best measured using the
ring-on-ring test method. In this test a glass pane is loaded between
two coaxial rings of different diameters. This sets up a uniform equibi-
axial stress field in the glass within the area of the inner ring. Load is
increased at a constant rate until the critical stress required for crack
propagation is reached at the largest flaw wherever it might be within
the central area.
Test data gathered in the development of the glazing standard
prEN 13474-3 [35] includes tensile strength results from over 700 an-
nealed glass samples from different manufacturers using the ring-on-
ring test method. As expected a wide variation in breaking strength
was found, from 30MPa to 120MPa at a loading rate of 2MPa/s. The
data can be characterised statistically using a Weibull distribution.
For normal design purposes a breaking strength of 45MPa is given
based on 95% of samples not failing below this stress. Smith [36] ex-
trapolated this strength data to the higher strain rates experienced in
blast loading using a relationship proposed by Charles [37] and ar-
rived at a dynamic breaking strength for annealed glass in the region
of 80MPa.
2.2.4 Behaviour of cracked laminated glass
The mechanical behaviour of glass fragments bridged by a PVB in-
terlayer has been investigated by Muralidhar et al. [38]. In this study,
laminated glass with an aligned crack in each glass ply was subjec-
ted to constant rate tensile loading (a displacement rate of 1mm/s was
used). Under these conditions, PVB delaminates from the glass at the
crack edge and deforms to bridge the crack. It was found that under
constantly increasing displacement, the tensile force rises to a steady
state value. They also used different hyperelastic material models to
calculate the fracture energy associated with the delamination pro-
cess. However, no viscous energy dissipation was accounted for in
the analysis. The calculated fracture energy values include this dissip-
ation energy and therefore overestimate the actual energy involved in
the fracture process. Jagota et al. [39] have also studied PVB delamin-
ation. In their work they employed cohesive elements to model a 45◦
compressive shear strength test computationally and compared the
results with experimental data. They also calculated fracture energy
at the interface between glass and PVB and conclude that the fracture
energy is dependent on the rate of loading.
Static loading of fractured laminated glass plates was studied theor-
etically and experimentally by Seshadri et al. [40]. Plates constructed
from a single glass and a single PVB layer were loaded centrally by
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a spherical steel surface at a constant rate of displacement. The glass
ply was indented before loading to create a known flaw and a simple
regular fracture pattern. Post breakage behaviour of the laminate was
modelled using the work on PVB delamination described previously.
Good agreement between experimental results and predictions was
found. However, only a single glass ply was studied so the restraining
effects of a second glass ply were not accounted for. Their approach
is also difficult to apply to practical situations where there may be
many thousands of cracks and where the crack pattern is not known
in advance.
2.3 blast loading of laminated glass
2.3.1 Single-degree-of-freedom model
Methods for constructing equivalent single-degree-of-freedom (SDOF)
models for evaluating blast loading of structures have been outlined
in Biggs [41], UFC-3-340-02 [12] and Smith and Hetherington [3]. The
general method is to describe the response at the centre of a struc-
tural element, be it a beam, plate or other element, by the response
of a discrete load with an equivalent mass and spring support. The
spring is typically nonlinear and describes the resistance offered at
a particular deflection during the motion. It is usually referred to
as the resistance function. The equivalent load, mass and resistance
function are derived by assuming a deflected shape for the element
of interest. This deflected shape is usually taken as the same shape as
would be produced from the static application of the dynamic loads
(including increased resistance due to dynamic loading). Conversion
factors between actual and equivalent load, mass and resistance for
common structural elements are given in UFC-3-340-02 [12]. Solution
of the SDOF model is achieved using a finite differencing scheme
to determine the position of the mass at a future time based on the
current acceleration and current and previous position.
Smith [1, 36] developed resistance functions to describe the beha-
viour of laminated glass under blast loading. The initial precrack res-
istance of a laminate was determined from the results of large de-
flection finite element analysis of monolithic glass plates subjected
to uniform static pressure loads conducted by Moore [42]. It was
assumed that under dynamic loading the interlayer would be suffi-
ciently stiff that the laminated glass could be considered equivalent
to a monolithic pane of the same overall thickness (including the inter-
layer). The analysis of Moore also allowed the deflection at the centre
of the pane to be related to the maximum principal tensile stress on
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Figure 2.3: Pressure-impulse diagram showing iso-damage curves predicted
by the SDOF model for a 7.52mm thick 1.5m× 1.2m laminated
pane.
the surface of the glass plate. When this stress exceeded 80MPa the
glass plies in the laminate were assumed to fracture instantaneously
and the remaining resistance is described using a postcrack resistance
function.
The postcrack resistance function was developed by idealising the
cracked laminate as a membrane with an equivalent modulus and no
flexural stiffness. The equivalent modulus describes the macroscopic
behaviour of the cracked laminate under blast loading conditions and
is termed the equivalent dynamic modulus. Finite element membrane
analysis of the cracked laminate were conducted with the equivalent
dynamic modulus of the cracked laminate under the application of
a uniform static pressure load to determine the resistance deflection
relationship. The equivalent dynamic modulus value was calibrated
by matching the SDOF deflection time history with those measured in
blast tests. A safe permissible strain limit was placed on the cracked
laminate, based on a safe deflection of 200mm for a 7.52mm thick
1.5m× 1.2m laminated pane, as observed in blast tests.
Pressure-impulse diagrams constructed using the SDOF model al-
low window designers to quickly assess whether their design will
be safe when subjected to a specified bomb blast threat. An example
pressure-impulse diagram is shown in Figure 2.3 for a 7.52mm thick
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1.5m× 1.2m laminated pane. The contour lines plotted show the com-
binations of pressures and impulses required to produce a certain
level of damage and are referred to as iso-damage curves. The lower
damage level shows the pressures and impulses required to just cause
first fracture of the glass plies. Similarly the PVB limit damage curve
shows the pressures and impulses required to cause the laminate to
reach the safe permissible strain criterion at the time of maximum
deflection. The lines show asymptotic behaviour in both the impulse
(vertical) and pressure (horizontal) directions. Lines of constant stand-
off distance and TNT equivalent charge weight are overlaid on the
plot and correspond to the pressures and impulses produced by a
hemispherical surface burst acting on an infinite façade. The lamin-
ated glass SDOF model has been implemented in the computer pro-
gram Ergo [43] and is able to produce diagrams of this type for any
pane size.
2.3.2 Plate theory and finite element models
Fracture of glass plies in laminated glass subjected to blast loading
has been investigated analytically by Wei and Dharani [44]. In this
study von Karman large deflection plate theory is used to predict
laminated glass deflection up to the point of fracture. It is assumed
that the PVB acts as a linear elastic material under the short loading
times present in blast loading. Conventional blast wave scaling laws
were used to calculate blast loads. A Griffith fracture energy balance
was used to predict failure of the glass plies. It was found that if
glass plies had not fractured on the initial positive phase, they could
fail on the return stroke with the addition of negative phase pressure.
Also, the sizes of the resulting fractured glass pieces were estimated.
In a subsequent study, Wei and Dharani [45] found good agreement
between the analytical results and a finite element model. Further
studies by Wei et al. [46, 47] extended the finite element model to
account for the viscoelastic properties of PVB.
2.3.3 Experimental studies
Deflection measurements of laminated glass subjected to blast load-
ing have been performed by Kranzer et al. [48]. Laminated panes
7.52mm thick and of size 1.1m× 0.9m were loaded with blast waves
from small high explosive charges in open air and with shock tube
generated pulses. In these tests a linear displacement laser gauge was
used to measure displacement at the panel centre over time. Results
showed that the impulsive asymptote on a pressure-impulse diagram
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for fracture of the glass plies and this pane configuration was in the
order of 75 kPa ·ms.
Stephens [49] used a high-speed camera and a linear displacement
laser gauge to measure the central deflection of 7.52mm thick lamin-
ated panes of size 1.5m× 1.2m when loaded by 100 kg TNT equival-
ent charge weights. Good agreement was found between the displace-
ment measurements from analysis of the high-speed camera images
and those from the linear displacement laser gauge. Peak central de-
flections of up to 400mm were observed without tearing in the joint
or PVB, indicating that the safe limit determined by Smith [36] may
be conservative in some circumstances.
2.3.4 Interlayer material
Bennison et al. [50, 51, 52] have suggested new formulations of PVB
interlayer materials for bomb blast resistance. These have an increased
initial stiffness and higher tear strength when compared with con-
ventional PVB. However, increased initial stiffness places additional
stress on the glazing joint, causing the laminate to pull out before
tearing. The new interlayers can be bonded to metals and the authors
suggest that this could be used to enhance the glazing joint strength.
2.4 structural glazing silicone sealants
Forces in silicone sealants resulting from uniform pressure loading
of monolithic glass panes have been analysed by Vallabhan et al. [53].
The sealant’s restraining effect on the pane was modelled with three
springs; in-plane, out-of-plane and rotational. The equivalent spring
constants were calculated from an assumed modulus of elasticity for
the silicone. Large deflection plate theory was used to model the
monolithic glass pane. In-plane forces, out-of-plane forces and mo-
ments in the sealant were then computed along a panel edge. It was
found that the maximum stress in the sealant can be significantly in-
creased by the in-plane forces and moments, factors which are often
neglected in practice.
The strength of structural glazing sealants at high strain rates have
been investigated by Hautekeer et al. [54]. They tested a silicone seal-
ant in both tension and shear separately at a displacement rate of
1.1m/s, the order of magnitude expected under blast loading. Av-
erage strength derived from tests on different size specimens was
1.7MPa in tension and 1.5MPa in shear. However, the study did not
consider the silicone sealant strength when subjected to combined
tension, shear and rotation.
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2.5 current standards for blast loading of glazing
Three current standards address the design of glazing to reduce haz-
ards in a blast, UFC 4-010-01 and ASTM F2248 in the US and the
Glazing Hazard Guide in the UK. The UFC standard prescribes a min-
imum laminated glass make-up of a 0.76mm PVB interlayer between
two 3mm annealed glass layers and a structural silicone bite depth
of 9.5mm [55]. This guidance is said to be valid for blast loading up
to a 33 kPa peak pressure with a 283 kPa ·ms impulse and a 40 kPa
peak pressure with a 205 kPa ·ms impulse [56]. For loadings above
these values the design needs to be validated with blast testing or a
detailed analysis.
The ASTM F2248 standard allows the designer to calculate an equi-
valent 3 s duration wind load for a particular charge weight and
stand-off [57]. The calculated equivalent load is then used in con-
junction with the ASTM E1300 standard for selecting glass to resist
wind loads [58]. The equivalent wind loads were determined from
blast tests and the charge weights and stand-off distances that caused
windows to fail were correlated with equivalent 3 s duration wind
loads that would also result in failure. For laminated glass the PVB
interlayer is ignored and the laminated glass is considered as a mono-
lithic pane with the same nominal thickness of glass (ignoring inter-
layer thickness). Both of these standards consider the glazing to have
failed when the glass plies fracture, neglecting any additional resist-
ance offered by the PVB interlayer.
The Glazing Hazard Guide [59] uses test data collected from a large
program of blast testing and a SDOF model to define safe blast loads
for a particular window. Two levels of failure are defined for lamin-
ated glass in the guide; fracture of the glass plies and tearing of the
PVB interlayer. The guide presents pressure-impulse diagrams with
iso-damage curves for approximately 30 glass configurations for each
of two window sizes, 1.5m× 1.2m and 0.5m× 1.2m. However, no
procedure is given for extrapolating to other pane sizes and glass
configurations in this guide. The SDOF approach used in this guide
was developed further, as detailed in Section 2.3.1, to enable extrapol-
ation.
2.6 summary
This chapter has reviewed the current literature that is directly rel-
evant to the blast loading of laminated glass. The flexural behaviour
of laminated glass before fracture of the glass plies is well under-
stood and depends on the shear modulus of the viscoelastic PVB in-
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terlayer. Analytical and finite element models of the blast response
before fracture have been developed, assuming that the PVB inter-
layer can be considered as linear elastic material at the short time
scales over which the blast response occurs. However, there is little
experimental validation of the these models.
Studies of the mechanical behaviour of laminated glass after the
glass plies fracture has been limited to simple geometries and quasi-
static strain rates. No literature addressing the basic mechanical be-
haviour of cracked laminated glass at the high strain rates expected
in a blast event was found. This gap in the current literature needs to
be addressed so that the full performance of the laminated glass can
be used in design calculations.
The strength of silicone glazing joints in simple shear and tension
has been investigated at the displacement rates expected in a blast
event. However, the results of the study were based on a limited num-
ber of tests and the effects of combined shear and tension were neg-
lected. Knowledge of how the joint strength changes under combined
loading is essential to ensuring failure does not occur at the joint and
that the maximum performance of the laminated glass is utilized.
Experimental studies of the response of laminated glass in full scale
tests are very rare in published literature. Detailed experimental res-
ults are needed to identify and understand the processes that the lam-
inated glass undergoes in a blast event. In addition experimental res-
ults are needed for validation of finite element and analytical models.
The following chapters detail experimental investigations that aim to
address these gaps in the current understanding of laminated glass
behaves under blast loading.
21
3
BLAST TEST ING
3.1 introduction
This chapter details a series of open-air blast experiments performed
on laminated glass windows at the GL Group test range at RAF
Spadeadam, Cumbria, UK. A total of eight explosive charges ranging
in mass from 15 kg to 500 kg (TNT equivalent) were used to test 12
windows at stand-off distances of 10m to 30m. The aim of the testing
program was to measure the deflection-time histories for laminated
glass and the reaction forces at the pane edge up to failure. Detailed
measurements of this type are needed for experimental validation of
analytical and finite element models. High-speed 3D digital image
correlation (DIC) was used to track the full rear-surface position of
the window during the blast event. Time histories of deflection, de-
formed shape, velocity, strain and strain rate were derived from these
results. Edge reaction forces were measured using strain gauges fit-
ted to existing window frames. An analysis method was developed
to equate strain in the window frame to tension in the cracked lam-
inated glass. Improved understanding of the edge reaction forces is
needed for the correct sizing of glazing joints.
3.2 methods
A series of eight open-air blast experiments were performed on a total
of 12 laminated glass panes. For each test an explosive charge was det-
onated in front of a test cubicle housing either a single or a matching
pair of windows. Measurements of window deflection, edge reaction
forces and blast pressure were made. The charge was positioned sym-
metrically in front of the cubicle, raised on foam blocks to height h
as shown in Figure 3.1. Testing took place on a 100m× 100m con-
crete test pad to minimise energy loss in ground shock and crater
formation.
Stand-off distance R, charge weight W and the window configur-
ation for each test are given in Table A.1. The window dimensions
aw and bw refer to the long and short edges of the window respect-
ively. Each laminated glass pane was constructed from a single layer
of polyvinyl butyral (PVB) sandwiched between two annealed glass
plies. The laminate construction is defined by [dg, dPVB, dg] where dg
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Figure 3.1: Side elevation of test arrangement.
is the thickness of each glass ply and dPVB is the PVB thickness. This
is referred to as the layup.
The charges represent threats ranging from a small satchel charge,
able to be carried by a single person, to a medium sized vehicle based
device. Except for tests 5, 6 and 8, the stand-off distance was chosen
to take the laminated glass up to the point of PVB failure. This was
predicted using a single degree-of-freedom (SDOF) model developed
at Arup Security Consulting (see Section 2.3.1). The stand-off distance
for tests 5 and 6 was chosen so that the PVB interlayer would not tear.
For test 8, the stand-off distance was selected to take a laminated glass
pane with an interlayer of 1.52mm up to its limit of tearing. Due to a
supplier error, not known before testing, a pane with a 0.76mm PVB
interlayer was tested instead. The results from this test are still valid
nonetheless.
Tests 1 to 4
Eight laminated glass panes of size 1.5m × 1.2m and layup
[3, 1.52, 3]mm were tested in tests one to four. In each test, two win-
dows were secured to the front of a steel cubicle approximately 3m
cubed as detailed in Figure 3.2. This cubicle was designed and con-
structed by the Centre for the Protection of National Infrastructure
(CPNI) for a previous program of blast trials. The laminated glass
was bonded on all four edges to a steel subframe with a single-sided
joint thickness of 6mm and nominal bonded depth of 20mm (exclud-
ing glazing tape). The bonded depth of the joint is often referred to
as the bite depth. A two-part structural silicone sealant was used to
make the joint (Dow Corning 993 structural glazing sealant). The sub-
frame was then bolted to the front of the steel cubicle.
Strain gauges were attached to each subframe to measure edge re-
action forces. They were attached in pairs at the mid-span of each
edge. In tests three and four, window one had an additional strain
gauge pair offset from the mid-span to measure how the strain var-
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Table 3.1: Blast test configurations.
Test
Charge
weight*
W (kg)
Stand-off
R (m)
Window size
aw × bw (m)
Number
of
panels
Laminate layup
[dg, dPVB, dg]
(mm)
1 15 10 1.5 × 1.2 2 [3, 1.52, 3]
2 15 13 1.5 × 1.2 2 [3, 1.52, 3]
3 30 16 1.5 × 1.2 2 [3, 1.52, 3]
4 30 14 1.5 × 1.2 2 [3, 1.52, 3]
5 100 25 1.5 × 1.2 1 [3, 1.52, 3]
6 100 25 1.5 × 1.2 1 [3, 1.52, 3]
7 100 17 3.6 × 2.0 1 [6, 1.52, 6]
8 500 30 3.3 × 1.7 1 [6, 0.76, 6]
* TNT equivalent
ied along that edge. Section 3.2.2 gives full details of the strain gauge
configuration and method of analysis. The full rear-surface position
of window one in Figure 3.2 was tracked using high-speed DIC. The
deflection of window two was not recorded. Details of the DIC con-
figuration and the blast pressure instrumentation are given in Section
3.2.1 and 3.2.3 respectively.
Tests one and two were conducted with 12.8 kg C4 charges (15 kg
TNT equivalent) at stand off distances of 10m and 13m respectively.
The charge shape in these tests was approximately a cube. Tests three
and four were conducted with 25.6 kg C4 charges (30 kg TNT equival-
ent) at stand off distances of 16m and 14m respectively. The charge
shape in these tests was a rectangular cuboid formed by joining two
12.8 kg charges together. The height to the centre of the charge was
1.5m for these tests and corresponds to the window centre height.
Tests 5 and 6
Two laminated glass panes of size 1.5m × 1.2m and layup
[3, 1.52, 3]mm were tested in tests five and six. The windows were se-
cured in landscape configuration and only one pane was tested with
each charge. A 100 kg (TNT equivalent) spherical charge of nitrometh-
ane was detonated at a stand-off of 25m and a height of 1.4m.
A smaller steel cubicle measuring 2.5m wide, 2.4m high and 3m
deep was used as shown in Figure 3.3. This cubicle was again de-
signed and constructed by CPNI for a previous program of blast tri-
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Figure 3.2: Standard two pane steel cubicle.
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Figure 3.3: Small steel cubicle.
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als. The glass was bonded on all four edges to a steel sub-frame with
a double-sided structural silicone joint to minimise the risk of joint
failure. A one-part structural silicone sealant was used to make the
joint. The full rear surface position of the window was tracked using
DIC. No edge reaction force measurements were taken.
Tests 7 and 8
Two larger laminated glass panes were tested in tests seven and eight.
In test seven, a window of size 3.6m× 2.0m and layup [6, 1.52, 6]mm
was tested with a 100 kg spherical nitromethane charge (100 kg TNT
equivalent) at 17m stand-off and a charge height of 1.4m. The glass
was bonded to an aluminium strip on all four edges with a single-
sided, 64mm deep, silicone joint to minimise the probability of failure
at the joint. A two-part structural silicone sealant was used to make
the joint. An additional white enamel coating was present on the bon-
ded side of the glass. A concrete cubicle, approximately 3.9m wide,
3.4m high and 6m deep, was assembled from 1m deep reinforced
concrete culvert units. The front of the cubicle is shown in Figure
3.4. A steel front was designed and fabricated using I-beam sections
and steel plate with an opening and mounting points for the window
frame. This was then secured with bolts to the front concrete section.
A similar arrangement was used to close the back of the cubicle, pre-
venting blast pressure from entering the rear of the cubicle.
3.9 m
3.
4 
m
Steel front
on concrete
cubicle
Laminated
glass
Silicone
joint
Figure 3.4: Large concrete cubicle.
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In test eight, a window of size 3.3m× 1.7m and layup [6, 0.76, 6]mm
was tested with a 500 kg spherical nitromethane charge (500 kg TNT
equivalent) at a 30m stand-off and a charge height of 2m. The glass
was bonded to an aluminium subframe with a double-sided, 30mm
deep, silicone joint, again to minimise the probability of failure at the
joint. A two-part structural silicone sealant was used to make the joint.
The subframe was then bolted to the same steel front used in test
seven. For both tests the full rear-surface position of the window was
tracked using DIC and no edge reaction force measurements were
taken.
3.2.1 Digital image correlation
High-speed 3D DIC was used to track the full rear-surface position
of a single window during each blast test. This section details of the
DIC experimental setup specific to the blast tests conducted here. For
full details of the image correlation method refer to Sutton et al. [60].
Two high-speed cameras were positioned inside the test cubicle at a
working distance sw from the test window and centred on the win-
dow centre point. The camera setup used in tests one to four is shown
in Figure 3.5. In tests one to four, only window one in Figure 3.2 was
imaged. Tests five to eight employed the same configuration, but with
the cameras set out horizontally.
Figure 3.5: High-speed camera setup for tests one to four.
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The included angle between the cameras was set to 25◦ to provide
good sensitivity to out-of-plane motion without sacrificing in-plane
sensitivity [60]. To aid setting up, an approximate working distance
was calculated by considering the field of view of a camera pointing
directly at the window centre (zero included angle). With a lens focal
length, fl, and sensor size, ss, the working distance is related to the
largest dimension of the test window, a, by,
sw = a
fl
ss
(3.1)
This equation gives a good estimate of the required working distance
providing the included angle remains small. The camera separation
distance sc was then calculated from the working distance and in-
cluded angle.
Three types of high speed camera were used over the course of
testing; the Phantom V4 and V5 manufactured by Vision Research
and the FASTCAM SA3 manufactured by Photron. Tables 3.2 and 3.3
detail the configuration of each camera type and which camera type
was used in each test.
The aperture of each lens was set to the widest opening (smallest
f-number) that would allow the object to remain in focus over the anti-
cipated movement range. This ensured that the maximum amount of
light reached the camera sensor, enabling smaller exposure times. Ex-
posure time, tex, for each camera was set to the smallest possible time
whilst still obtaining a high-contrast speckle pattern. This approach
minimises any motion blur during the exposure. The cameras were
synchronised by sending a 5V pulse, generated when a frame expos-
ure starts, from camera one into camera two. If the cameras were not
synchronised, movement in between the starting times for the frame
exposures for each camera would cause errors in the positions cal-
culated by the DIC algorithm. The cameras were remotely triggered
simultaneously, 150ms before the charge was detonated.
A heavy duty studio-type camera stand was used to hold the cam-
eras in position during the blast. Rubber isolating feet were used on
the stand base to isolate it from ground shock. Ballast was also added
to the stand base to minimise motion of the stand. The cameras were
mounted on a beam which was then attached to the camera stand.
This arrangement minimises any movement of cameras relative to
each other. Two stands were used to hold the beam in tests seven
and eight due to the larger separation distance required for the large
panes.
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Speckle pattern and lighting
To enable the image correlation algorithm to track the window sur-
face a stochastic speckle pattern was applied to the rear surface of the
window as shown in Figure 3.6. Acrylic paint was used as it provides
good flexibility and good adhesion to the glass surface. The image cor-
relation technique is more robust with high-contrast speckle patterns.
A high-contrast pattern was achieved by applying a white base coat
and allowing it to dry before painting black speckles over the top. The
black speckles were either painted by hand using an artists brush or
with a foam block (containing multiple speckles carved into the base)
and care was taken to ensure a random pattern was achieved
Table 3.2: Camera configurations.
Camera type
Resolution
(pixels)
Frame
rate
(Hz)
Focal
length
(mm)
Pixel
size
(μm)
Phantom V4 512 × 512 1000 8 16
Phantom V5 1024 × 1024 1000 24 16
FASTCAM SA3 1024 × 1024 2000 20 17
Figure 3.6: Example speckle pattern from window one, test 4 (as viewed by
camera two).
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Table 3.3: Digital image correlation setup.
Test Camera Type
tex
(μs)
sw
(m)
sc
(m)
ds
(mm)
dp
(mm) np
1 Phantom V4 40 2.2 1 9 28 2100
2 Phantom V4 40 2.2 1 9 31 1600
3 Phantom V5 76 2.2 1 5 21 3300
4 Phantom V5 76 2.2 1 5 19 4400
5 FASTCAM SA3 25 2 0.8 5 25 3100
6 FASTCAM SA3 25 2 0.8 5 25 2700
7 FASTCAM SA3 20 4.5 2 10 50 2700
8 FASTCAM SA3 13 4.5 2 10 50 2600
The minimum speckle diameter, ds, was determined from the size
of the test panel and the camera resolution. For accurate pattern
matching, each speckle should be sampled by at least a 3 by 3 pixel
array [60]. Each speckle should therefore be over 3 pixels in diameter.
Dividing the panel size by the camera resolution and multiplying by
3 then gives the minimum speckle diameter. The approximate speckle
size used for each panel is given in Table 3.3.
Light from the explosion can cause over-exposure of the cameras
inside the cubicle. To mitigate this problem black acrylic paint was
applied to the front of the window (facing the charge) to reduce the
light transmitted through the window. Two 1.25 kW halogen flood
lights were used to illuminate the window from inside the cubicle,
providing even and constant lighting conditions during the test.
Computation of 3D position and strain
In each window the position and strain of the entire rear surface was
calculated using the ARAMIS image correlation software produced
by GOM mbH. Each camera setup was calibrated before the blast by
taking between 14-25 image pairs of a known calibration grid. These
image pairs were imported into the software to determine the cal-
ibration parameters for each of the eight particular test setups. Ac-
curacy of the calibration was verified by placing a speckled object
300mm away from the window surface and capturing an image. This
image was then analysed in ARAMIS to check the calculated distance
between the object and window surface, as well as the overall window
dimensions. Central displacement calculated by this system during a
blast test has been verified previously using a linear displacement
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laser gauge [61]. The sequences of images pairs captured during the
blast were then imported for analysis. The flash from the detonation
was used to define the start time (t = 0ms) for the image sequence.
An image of the undeformed window was set as the reference im-
age and all correlation calculations were made relative to this image.
After calculation the coordinates and corresponding strain values of
each point were then exported for further analysis. The calculated
data for each image pair will be referred to as stage data. The num-
ber of points computed, np, and the approximate point spacing, dp,
are given in Table 3.3 for each test.
An estimate of the uncertainty introduced by noise in the images
was made by comparing images of the laminated pane before detona-
tion of the charge. The maximum error in the computed out-of-plane
displacement was of the order of±0.1mm. The maximum error in the
computed in-plane strain components was of the order of ±0.05%.
The coordinate system origin was defined as the centre point of
each window as viewed in Figure 3.6. The x-axis was defined as pos-
itive in the horizontal direction towards the right-hand edge of the
cubicle and the y-axis was defined as positive in the vertical direc-
tion towards the top of the cubicle. In an undeformed state the rear
surface of a window lies on the xy-plane. The z-axis, normal to the
xy-plane, was defined as positive for inward deflection (towards the
cameras).
Post-processing of image correlation data
Analysis of the image correlation data was conducted using the nu-
merical computation software Octave (a MATLAB-like environment).
The computed displacements and strains at each stage were impor-
ted into the software and interpolated onto to a regular spaced grid
to enable easy analysis. Central displacement time histories were gen-
erated by compiling values at the regular grid centre. Cross-sections
were generated by taking values across the centre of the regular grid
in the horizontal and vertical direction for each stage.
Out-of-plane velocity fields were found by computing the numer-
ical derivative of the displacement field with respect to time, using
the central differencing method. The acceleration fields were then
found by computing the numerical derivative of the velocity field
with respect to time. Central velocity and acceleration time-histories
were then compiled from the values at the grid centre. The strain rate
fields were found using the same method, computing the numerical
derivative of the strain field with respect to time.
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Edge angles
The slope at each point on the deformed window surface was found
by computing the numerical gradient of the displacement field in the
x and y directions. The numerical gradient was again calculated using
the central differencing method. The slope at the centre of each edge
was then used to calculate the angle formed between the displaced
window and the frame.
Window curvature
The principal curvatures at each point on the window surface were
calculated for each stage. Assuming that the window surface’s min-
imum principal curvature is negligible compared to the maximum
principal curvature (that is the surface only bends in one plane) the
stress in the glass before fracture can be found using bending theory.
The maximum curvature possible without fracturing, κf, is limited by
the breaking strength of the glass. Although the breaking strength of
glass varies widely due to the random distribution of flaws on the
surface, an estimate of the maximum curvature before fracture and
therefore the time of fracture can be made. If the laminated pane
is considered equivalent to a monolithic pane of the same overall
thickness[26] the limiting curvature can be found from,
κf =
2σd
Egdl
(3.2)
where Eg is the Young’s modulus of glass, σd is the dynamic break-
ing strength of glass and dl is the laminate thickness. Assuming Eg =
72GPa [62] and σd = 80MPa [36] the limiting curvature κf without
fracture is 0.30m−1 for a [3, 1.52, 3]mm laminated pane, 0.16m−1 for
a [6, 1.52, 6]mm laminated pane and 0.17m−1 for a [6, 0.76, 6]mm lam-
inated pane. The time when these curvatures were exceeded was de-
termined as the fracture time tfrac.
Transverse wave speed
Under blast loading, a transverse wave from each edge propagates
inwards towards the centre of the window. The ratio of transverse
wave velocity to inward pane velocity is important as it is related to
the concentration of strain at the window edges. The wave velocity,
c, was calculated from measurements of the central area of the win-
dow, where the wave has yet to pass through, at each stage in time.
The central area ahead of the wavefront, Ac, was assumed to be un-
deformed and was calculated from the area of the window where the
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slope was less than 2◦. A finite difference approach was adopted be-
cause the wave speed in a blast event is unlikely to be constant and
will change suddenly when the glass plies fracture.
Consider a rectangular shaped window of dimensions a0× b0 with
waves propagating inwards at velocity c. Let Ac,i be the area of the
undeformed central region at time ti which is equal to the width ai
multiplied by the height bi as shown in Figure 3.7.
After a small time increment dt the area of the central region will
be equal to,
Ac,i+1 = ai+1bi+1 (3.3)
At time ti let the wave speed equal ci. The dimensions of the central
region at time ti+1 can be found by,
ai+1 = ai − 2cidt (3.4)
bi+1 = bi − 2cidt (3.5)
Substituting Equations 3.4 and 3.5 into Equation 3.3 gives a quad-
Figure 3.7: Analysis of undeformed central area.
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ratic equation in ci,
Ac,i+1 = 4dt
2c2i − 2dt(ai + bi)ci + Ac,i (3.6)
Since Ac is measured at all time increments and the initial window
dimensions are known, the roots of Equation 3.6 can be found at t0
to give the initial wave speed c0. The wave speed can then be used
to find the dimensions of the undeformed central region at the next
time increment using Equations 3.4 and 3.5. The wave speed at the
next time increment can be calculated by finding the roots of Equation
3.6 at time ti+1 and the process is repeated until c is known at all time
increments.
This method of calculating wave speed assumes that the wave speed
is the same at each edge and as a result averages out any difference
in individual wave speeds. The wave speed at each edge was also
calculated directly by determining lengths ai and bi on cross-sections
taken through the centre of the window. This method was found to be
unreliable due to large quantisation errors in measuring the change
in central length. The lengths ai and bi calculated by the area method
did however correlate with those determined directly from the cross-
sections.
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3.2.2 Edge reaction forces
Strain gauges were used to measure the edge reaction forces in tests
one to four. Pairs of foil strain gauges were bonded to the steel sub-
frame at the midpoint of each edge. Strain gauges of type CAE-06-
062UW-120 were used with AE-10 adhesive, both from Vishay Meas-
urements Group. The position of the gauges on the subframe cross-
section is shown in Figure 3.8. Four strain gauge pairs were bonded
to the midpoint on each frame edge. An additional pair was attached
to the frame of window one in tests three and four offset by 350mm
above the midpoint on the wall edge.
Each gauge was connected in quarter bridge configuration to a
Vishay 2120A strain gauge amplifier housed in a smaller cubicle be-
hind the main test cubicle. The output from each strain gauge ampli-
fier was recorded at 500 kHz.
Postfracture edge reaction analysis
The strain readings from each gauge can be used to calculate the
tension in the cracked laminate, F, and angle of pull, θ, at the joint by
considering the subframe as a built-in cantilever beam. The geometry
of the joint used in this analysis is shown in Figure 3.9 where lg is
the distance between the centre of the strain gauges and the end of
the steel angle, de is the distance between the middle of the steel
angle thickness and the middle of the laminate thickness, and da is
the thickness of the steel angle.
Subframe mounted
to front of cubicle
Steel subframe
Silicone joint Glazing tape Laminated glass
Figure 3.8: Frame cross-section showing strain gauge pair.
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Figure 3.9: Simplified geometry for strain gauge analysis.
Figure 3.10: Strain variation across frame.
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The strain variation across the beam at point P is a combination
of the direct axial strain, εA, and the bending strain, εB, as shown in
Figure 3.10. The strain, ε, varies across the thickness as a function of
the distance from the centre, ya,
ε = εB
2ya
da
+ εA (3.7)
and ε is positive in tension. At the outer surface of the beam (facing
the blast wave) ya = da/2 and the strain εo = εB + εA. At the inner
surface ya = −da/2 and the strain εi = εA − εB. The axial and bending
strain can be calculated directly from the gauge readings εo and εi ,
εA =
εo + εi
2
(3.8)
εB =
εo − εi
2
(3.9)
The axial strain is produced by the horizontal component of F and
can be found by assuming the beam is linear elastic and that F and θ
are constant along the edge,
εA =
F cos θ
bEda
(3.10)
where F/b is the force per unit edge length (perpendicular to the page
in Figure 3.9) and E is the Young’s modulus of the beam. Rearranging
in terms of force per unit length of edge bond gives,
F
b
=
Eda
cos θ
εA (3.11)
The bending strain is produced by a moment about point P created
by a couple Fdo,
MP = Fdo (3.12)
where distance do can be calculated from,
do = lg sin θ + de cos θ (3.13)
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assuming the steel angle only experiences small deflections. This mo-
ment causes the internal strains at P. The incremental force due to
the strain at a point on the beam cross-section is dFε = Eεb dya. The
moment of dFε about P is dMP = ya dFε. The total moment over the
entire cross section is therefore,
MP = Eb
da/2∫
−da/2
yaε dya (3.14)
Substituting Equation 3.7 into 3.14 and integrating across the thick-
ness gives,
MP = Ebd
2
a
εB
6
(3.15)
Equation 3.15 is simply the bending equation for a rectangular
beam. The axial strain present in the beam does not contribute to
MP since its net moment is zero.
Setting Equation 3.12 equal to 3.15 and rearranging gives the force
per unit of edge length in terms of bending strain,
F
b
=
Ed2a
6(lg sin θ + de cos θ)
εB (3.16)
Equations 3.11 and 3.16 can be solved simultaneously to give,
tan θ =
da
6lg
εB
εA
−
de
lg
(3.17)
F
b
= Eda
√
ε2A+
(
εB
da
6lg
− εA
de
lg
)2
(3.18)
Values of the constants in these equations for the tests presented in
this chapter are given in Table 3.4. The variable de is unlikely to be
a constant as the silicone joint will compress under loading, result-
ing in a de value between 6.75mm (100% compression) and 12.75mm
(0% compression). This parameter was calibrated by conducting ex-
periments on silicone joints (similar to those detailed in Chapter 6)
to find the amount of compression in the silicone when the joint is
pulled at an angle. At a pull angle of 30◦ the amount of compression
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at the end of the joint was found to be approximately 50%, giving a
value for de of 9.75mm.
These equations can be used to find both the force and angle of pull
at the frame edge after the glass plies have fractured. However, both
equations rely on the ability to separate out the axial strain from the
bending strain using the gauge readings εo and εi. The axial strain is
particularly difficult to extract reliably and is sensitive to a number of
variables.
Errors due to gauge misalignment
Misalignment of the strain gauges will cause errors in the axial strain
calculated by Equation 3.8. If the gauges are not positioned directly
over each other, then the bending strain will no longer cancel out
completely, leading to an incorrect measurement of axial strain. If
each gauge is misaligned about point P by a distance ∆lg/2 in opposite
directions then the error in the axial strain will be,
∆εA = ±3∆lg
F sin θ
Ebd2a
(3.19)
This error is due to the difference in bending strain at lg+ ∆lg/2 and
lg− ∆lg/2. If the outer gauge is located at lg+ ∆lg/2 and the inner gauge
is located at lg− ∆lg/2 then the calculated axial strain will be too large.
If the gauges are in the opposite locations then the axial strain will be
too small. If both gauges are misaligned in the same direction, then
the correct axial strain would be calculated (there would however, be
an error in the bending strain).
The error in axial strain varies as a function of angle. At θ = 0◦
the error is zero and the correct axial strain is calculated. However, at
Table 3.4: Values for edge reaction
calculation.
Variable Value Error
lg (mm) 31 ±1
de (mm) 9.75
* ±2
da (mm) 6.00 ±0.03
E (GPa) 210 ±10
* Assumes 50% compression of silic-
one.
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Figure 3.11: Fractional error in axial strain introduced by misalignment.
θ = 90◦ the axial strain should be calculated as zero, but any gauge
misalignment would cause a nonzero value. The fractional error in
axial strain, ∆εA/εA, for the dimensions used in the blast tests (listed
in Table 3.4) is plotted in Figure 3.11 for different values of ∆lg. To
minimise errors at all angles ∆lg  da/3.
Responsivity and sensitivity
The responsivity of a system is defined as the ratio of output sig-
nal to input stimulus. For the strain gauge arrangement used here,
the responsivity of the system to an input force is different for axial
and bending strain. The axial strain responsivity, RA, and bending
strain responsivity, RB, are found from Equations 3.11 and 3.16 and
are defined as,
RA =
εA
F/b
=
cos θ
Eda
(3.20)
RB =
εB
F/b
=
6(lg sin θ + de cos θ)
Ed2a
(3.21)
Equation 3.20 shows that the axial strain output is most respons-
ive when the force acts at θ = 0◦ and is unresponsive at θ = 90◦.
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Figure 3.12: Relative responsivity vs angle.
The bending strain output is most responsive when the force acts at
tan θ = lg/de and is unresponsive at tan θ = −de/lg. It can be seen in Fig-
ure 3.9 that if tan θ = −de/lg the line of force passes directly through
point P, leading to no bending moment at that point. This is known
as the point of contraflexure.
Figure 3.12 shows the relative responsivity, RB/RA, as a function of
the angle of pull for the dimensions used in the blast testing. The
angle of pull may reach between 0◦ and 60◦. The bending responsivity
in this range is 10 to 60 times greater than axial responsivity.
The sensitivity of the strain gauge system is equal to the minimum
input force that is detectable above background noise. The root mean
square of the noise in the strain gauge signals was found to be 2 μ.
This gives an axial strain force sensitivity of 2.5 kN/m at θ = 0◦ and
5.0 kN/m at θ = 60◦ . The bending strain force sensitivity was 0.25 kN/m
at θ = 0◦ and 0.08 kN/m at θ = 60◦.
Angle measurement from DIC
It was found that the measured axial strain, εA, was not accurate
enough to reliably calculate the angle and force using Equations 3.17
and 3.18. Therefore, measurements for the angle of pull were made
directly from analysis of the DIC results. Then, using the measured
angle in Equation 3.16 removes the need to find the axial strain com-
ponent. It also makes use of the higher bending responsivity, giving
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a much higher signal-to-noise ratio. For these reasons Equation 3.16,
combined with the angle measured by DIC, was used to calculate all
the edge forces presented in this chapter.
3.2.3 Blast pressure
Piezoelectric pressure gauges were used to measure the pressure time
history for each blast wave. Gauges of type 102-A06 from PCB Piezo-
tronics were used to measure both incident and reflected pressure.
Table 3.5 details the performance characteristics of the sensor used.
Two different configurations were used to measure incident (side-
on) and reflected pressure. Figure 3.13 shows the configuration for
measuring side-on pressures. In this configuration, the diaphragm of
the pressure gauge was aligned so that it would be parallel to the
direction of motion of the incoming blast wave (Figure 3.14a). The
gauge was mounted in the centre of a thin steel disc approximately
300mm in diameter to minimise diffraction of the blast wave around
the diaphragm.
Figure 3.15 shows the configuration for measuring reflected pres-
sures. Three concrete blocks were stacked on top of each other to
match the dimensions of the standard steel test cubicle. Three pres-
sure gauges were positioned about the centre of where the window
was mounted in the steel cubicle. The gauges were mounted so that
the diaphragm of the gauge faced the incoming blast wave as shown
in Figure 3.14b. Heat from the detonation wave and resulting com-
bustion can cause thermal expansion of the pressure gauge and intro-
duce errors. To reduce this effect the diaphragm of each gauge was
covered with insulating tape and aluminium foil as recommended by
the manufacturer. This gauge block was used to measure pressure in
tests five, six and eight despite a mismatch in size between it and the
cubicles used. It is likely that a difference in the pressure experienced
at the test cubicle and the gauge block will result from this. Table 3.6
summarises the pressure gauges used for each test.
Prediction of blast wave loading
The blast load acting on the test windows was also predicted using
the ConWep and Air3D software packages. Predictions of arrival time,
peak incident over-pressure, positive incident impulse, peak reflected
over-pressure and positive reflected impulse were calculated for each
test arrangement. Further details on the methods used by Air3D and
ConWep can be found in Section 2.1.3.
The Air3D simulations were conducted using the ftt_air3d (ver-
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Table 3.5: PCB 102-A06 performance characteristics.
Measurement range ±3450 kPa
Responsivity 1.45mV/kPa
Resolution 0.0145 kPa
Resonant frequency ≥ 500 kHz
Low frequency response 0.01Hz
Response time ≤ 1 μs
Figure 3.13: Side-on type pressure gauge.
Table 3.6: Blast pressure sensors.
Test
Stand-off
R (m) Gauge type
Number
of gauges
Gauge
locations
1 10 Side-on 2 -
2 13 Side-on 2 -
3 16 Reflected 3 7,8,9
4 14 Reflected 3 7,8,9
5* 25 Reflected 3 4,5,6
6* 25 Reflected 3 4,5,6
7 17 - - -
8* 30 Reflected 3 4,5,6
* Gauge block differs in size to test cubicle.
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(a) Side-on (b) Reflected
Figure 3.14: Pressure gauge orientation.
Figure 3.15: Reflected pressure gauge block.
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sion 1) variant of the Air3D code with adaptive mesh refinement and
detonation modelling using the Jones-Wilkins-Lee (JWL) equation-of-
state [25]. Each simulation was conducted with an initial 1D solution
of the detonation and blast wave between the charge centre and the
ground (the charge was assumed to be spherical). Once the wavefront
reached the ground a 2D analysis of the blast wave was performed to
model ground reflections (the ground was assumed to be a perfect re-
flector). This analysis was carried out until the wavefront reached the
test cubicle. After this a full 3D analysis of the interaction between the
blast wave and the cubicle was performed. This was to account for the
reduced impulse on the window due to clearing effects. The cubicle
was modelled as a rigid target and a plane of symmetry was defined
in the vertical direction between the charge centre and the centre of
the test cubicle. Pressure monitoring points were defined on the sur-
face where the window was positioned to record reflected pressure
and impulse. The cell size used in the simulations was refined until
the calculated reflected impulse converged on a solution.
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3.3 results
A large body of data was gathered in the course of these blast trials
and in the interests of readability a complete data set for each test
is not included here. The figures presented in this section have been
selected to enable a clear description of the observed behaviour of
laminated glass under blast loading. Key parameters for all tests have
been compiled into tables to enable easy comparison. A complete
data set for each test is included in Appendix A.
3.3.1 General observations
All of the windows tested experienced failure to some degree. Fail-
ure in the joint region was the predominant mode of failure with 11
out of the 12 test samples failing there. Complete tearing of the PVB
interlayer was observed in test eight and some PVB tearing was also
seen in test seven. Table 3.7 details the time of failure, tf, time to fail-
ure, tf − ta, and failure mode for each test sample. The test sample
numbers refer to the test number followed by the window number
if applicable. Fracture of the glass plies is not considered as a failure
mode in this table since the tests were designed to investigate the
postcrack performance of the windows.
Joint failure modes
Three different modes of failure were observed in the joint region in
tests one to four. Cohesive failure in the bulk silicone, lateral cracks
in the glass fragments and delamination of the PVB glass interface
were all observed. A mix of all three failure modes was observed in
each sample but cohesive failure of the silicone and lateral cracking in
the glass fragments were found to be more common than debonding
of the PVB interlayer. No evidence of adhesive failure between the
silicone and steel frame or the silicone and the glass was found. The
three failure modes observed are illustrated in Figure 3.16a-c. Tearing
of the PVB interlayer near the silicone joint was observed in tests
seven and eight, as illustrated in Figure 3.16d.
A photograph of a region of cohesive failure in the silicone along-
side a region where glass fragments have remained bonded to silic-
one is shown in Figure 3.17. The tear runs up through the silicone
at a shallow angle from the root of the interface with the steel frame
until it reaches 6mm to 7mm from the glazing tape (the glazing tape
is there to aid installation of the silicone and itself offers little resist-
ance). The appearance of the surface changes from smooth to rough
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(a) Cohesive failure
(b) Lateral cracks
(c) PVB debonding
(d) PVB tear
Figure 3.16: Cross-section of joint showing failure modes.
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Figure 3.17: Photograph of different failure modes in the joint.
at this point. The rest of the tear runs irregularly, but close to the glass
surface, through the rest of the silicone.
The glass fragments shown are irregular in shape and thickness.
Some fragments are thin, small and roughly flat, remaining close to
the silicone surface. Others are larger and have fractured at an angle,
becoming thicker towards the window edge. Within the region of
glass fragments there is a 1mm to 2mm wide band of torn silicone
on the inside edge before the glass fragments.
In tests five and six failure at the joint was a result of incomplete
curing in the silicone sealant. In these tests a one-part silicone seal-
ant was used and uncurled silicone was found inside the joint. In
test seven the silicone was bonded to a white enamel coating on the
inside glass layer. The interface between the enamel and the glass
was observed to fail, giving an additional failure mode in this case.
There was no evidence of adhesive failure between the silicone and
the enamel coating. No joint failure was observed in test eight.
Glass crack patterns
Fracture of both glass plies was observed in all test samples. A typical
fracture pattern is shown in the photograph of sample 4.2 in Figure
3.18. In the centre of the window was a rectangular area of approx-
imately 750mm× 600mm containing relatively large fragments. The
fragments were approximately 30mm to 40mm in each dimension
and were irregular in shape. The crack density was much higher
between the centre area and each edge, with fragments as small as
49
Figure 3.18: Fracture pattern in test sample 4.2
Figure 3.19: Fracture pattern in test sample 4.1
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3mm in each dimension recorded. The fragment shape in these areas
was generally elongated in the direction parallel to the nearest edge
with an aspect ratio up to 10. Extending from the central rectangle
into the corners were regions of even higher crack density. In some
parts of these regions the glass had almost turned into a powder, with
no glass remaining bonded to the PVB. Figure 3.19 is a photograph
of sample 4.1 after the test. The sample is black because of the paint
used to block out light for the high-speed cameras. The white lines
are formed by the absence of black paint in regions of high crack
density. They indicate the central region of large fragments and the
high crack density regions extending into the corners. Similar frac-
ture patterns were observed in the other tests. At lower blast loads,
the overall crack density was less and the central region was oval in
shape.
PVB tearing
PVB tearing was observed in tests seven and eight. In test seven the
PVB tore for short, approximately 1m, lengths along the top and bot-
tom edge. About 20% of the failure at the edge was due to torn PVB
in this case. In test eight the PVB tore around the whole perimeter of
the window and there was no evidence of failure in the double-sided
silicone joint. Figure 3.20 shows the torn PVB interlayer between the
glass layers close to the joint. The fragments shown are held firm in
the joint as one large fragment and the PVB does not extend bey-
ond the edge of the glass. During the blast the PVB would have been
pulled around the sharp fragment edge, possibly initiating the tear in
the PVB.
3.3.2 Laminated glass response
The maximum central deflection, zmax, velocity, vmax, acceleration,
amax, strain, εmax, and strain rate, ε˙max, are summarised in Table 3.8
for each test. Where the sample failed on the inward stroke, the max-
imum values were taken up to the point of failure. Also tabulated
are the values of maximum angle of pull at the long edge, θa,max, and
short edge, θb,max, up to the point of failure.
Traces of central deflection, velocity and acceleration vs time for
test seven are shown in Figure 3.21. The pane began to move at
t = 23ms and rapidly accelerated up to a maximum velocity of ap-
proximately 24m/s in 6ms. A maximum acceleration of 6 km/s2 was
observed in this first period. Once the pane reached maximum velo-
city it began decelerating slowly at approximately 0.5 km/s2. The first
51
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Figure 3.20: Photograph of torn PVB in test eight (double-sided silicone
joint).
signs of failure in the joint were observed at a time of 34ms and a
displacement of 209mm. After this point the pane continued to travel
inwards, slowing more rapidly after approximately 45ms. The pane
travelled nearly 500mm before the DIC could no longer track it due
to excess light from the gaps between glass fragments.
Figure 3.22 shows the image sequence taken by the left high-speed
camera during test seven (frames shown are spaced at 2ms intervals).
The blast wave arrived at the window at 23ms but it is difficult to see
the difference between the frames at 22ms and 24ms without overlay-
ing the images directly on top of each other. The pane continued to
deform and at 30ms increased light can be seen in the top left corner
of the window. This is due to light entering through cracks in the
paint resulting from a high crack density in the glass plies. At 34ms
light can be seen entering at the centre of the top and bottom edges.
This indicates where the joint had failed and the failure propagated
along each edge in the subsequent frames. In the frame at 38ms the
joint can be seen failing along the left and right edges. The last part
of the joint to fail was in the corners of the window.
Deflected shape
Contour plots of the full-field out-of-plane deflection for test seven
are shown in Figure 3.23. The contour lines are approximately rectan-
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Figure 3.21: Central deflection, velocity and acceleration vs time for test
seven.
gular in shape and are spaced more tightly close to the window edges.
This indicates that the deformed areas are concentrated around the
window edges and that the centre region of the window is largely
flat and undeformed. At 30ms the 120mm contour line lies near the
bottom of the window and is not rectangular, indicating that the win-
dow has deflected slightly further here. This is because the pressure
and impulse on the window was higher near to the bottom of the
window due to the blast wave reflecting from the ground. The blast
wave arrival time was also sooner here.
Figure 3.24 shows horizontal and vertical deflection cross-sections
taken through the window at y = 0mm and x = 0mm respectively
(see Figure 3.6 for coordinate system). The axes have both been scaled
equally so that the profile is not exaggerated. Each line is plotted
at 2ms intervals to coincide with the frames in Figure 3.23, ending
with the line of largest deflection at 40ms. The lines clearly show the
relatively flat central region deflecting into the cubicle and deformed
curved regions close to the edges. As the pane deflects further the
flat central region becomes smaller until the whole profile is curved.
This is due to the restraint at the edges causing transverse waves to
propagate inwards towards the centre from each edge.
The ends of the lines appear to deflect approximately 30mm into
the cubicle despite the window being restrained at this point. There
are two reasons for this behaviour. The frame to which the window
54
Figure 3.22: Image sequence from high-speed camera for test seven.
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Figure 3.23: Out-of-plane displacement for test seven.
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Figure 3.25: Exaggerated deflection cross-section at x = 0mm and 28ms for
test seven.
was attached was not infinitely rigid and would have deflected in
response to the blast load. Also, the DIC method can not track right
into the window edges. As a result there will always be an offset
between the window edge and the last point tracked.
In Figure 3.25 the z-axis has been scaled to exaggerate the deflec-
tion profile at x = 0mm and t = 28ms. It can be seen that the bottom
of the window is approximately 8mm ahead of the rest of the central
region at this point, again a result of the higher impulse experienced
here. The exaggerated profile also shows that the central region is
not completely flat, with the centre lagging behind creating an ’M’
shaped profile. This is possibly due to the superposition of a higher
vibration mode shape onto the deformed profile before the glass frac-
tures, when the response is still elastic.
Edge angles
Assessing the angle formed by the deflected window at each edge (θ
in Figure 3.9) is important when considering the failure of the joint.
Figure 3.26 shows the time-history of the angle formed at the mid-
point of each edge for test seven. The angle at each edge increases
steadily after the blast wave arrives up to the first signs of joint fail-
ure at 33ms. The angles formed at each edge are within 3◦ of each
other during this stage. When the joint fails the angle formed at each
edge is approximately 28◦. After the joint fails the traces become more
erratic. Excess light enters the image around the failed joint and inter-
feres with the image correlation at the edge of the window. The angle
was calculated at the penultimate point tracked at the ends of each
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Figure 3.26: Angles formed at the midpoint of each edge vs time for test
seven.
cross-section. When the image correlation looses points close to the
edge the angle is calculated further in from the edge and the angle
drops in value as a result.
Figure 3.27 is a vector plot of the slope of the window surface for
test seven. Each arrow shows the direction of principal slope at that
point. The length of each arrow represents the magnitude of the gradi-
ent of the slope. It can be seen that the arrows close to the edges are
the largest and point in a direction normal to the edge. The arrows
are also of approximately the same length along the edge, indicat-
ing that the same edge angle is formed along the length of the edge.
This is the same for all edges except close in to the corners. Here the
direction of principal slope is along the line formed by bisecting the
corner. The length of the arrows in the central region are very short
and indicate that the window is approximately flat here. If a rectangle
was drawn around the central region with lines drawn out into each
corner along the principal slope direction the same general shape as
that formed by the crack pattern regions in Figure 3.18 would be seen.
Strain and strain rate
A time sequence of the nominal maximum principal strain in test
seven is presented in Figure 3.28. The figure shows how the strain
is not uniform and concentrates close to the window edge, leaving
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Figure 3.27: Vector plot showing the principal direction and magnitude of
slope of the window surface for test seven.
the central region relatively unstrained. Lines of strain can be seen
passing through the centre region in the later frames and are indicat-
ors for the fracture paths in the glass plies. The white areas in the last
frame are where the image correlation has been unable to calculate
strain data due to missing facets. Strains reached values in excess of
5% before the joint failed at 64ms.
Strain rates at the same time intervals are plotted in Figure 3.29.
Maximum strain rates of approximately 10 s−1 were observed at 32ms.
Upon failure of the joint large negative strain rates can be observed as
the PVB relaxes. This can be seen along the bottom edge at 34ms and
along the top edge at 36ms where the negative strain rates exceed
−15 s−1 (dark regions in the figure). Peak values for strain and strain
rate for all tests are given in Table 3.8.
Curvature
The curvature, κ, of the window in test seven is plotted against pos-
ition for a vertical cross-section taken at x = 0mm and t = 28ms in
Figure 3.30. It can be seen that curvatures of approximately 0.8m−1
were observed at y = ±600mm with a flat region in the centre. In this
figure the glass has already exceeded the curvature required to pro-
duce a tensile stress of 80MPa on the glass surface and is therefore
likely to have already fractured. The noise in the figure is approxim-
ately ±0.1m−1 and it is therefore difficult to determine the exact time
that the limiting curvature is exceeded. After fracture the curvature
increases at about 0.2m−1 per millisecond. This means that the frac-
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Figure 3.28: Maximum principal strain for test seven.
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Figure 3.30: Curvature of the window along vertical cross-section at 28ms
for test seven.
ture time can be determined to within a millisecond. It is assumed
that the fracture of the glass plies is effectively instantaneous over
the whole window once this curvature limit is exceeded. High-speed
camera recordings show that the majority of fracture in the glass plies
occurs in less than 1ms (the frame interval). Table 3.9 shows the cal-
culated time of fracture and maximum curvature before failure for
each test.
Table 3.9: Fracture time (tfrac) calculated by the curvature limit (κf) and
maximum curvature before complete failure (κmax).
Test W
(kg)
R
(m)
aw × bw
(m)
[dg, dPVB, dg]
(mm)
κf
(m−1)
tfrac
(ms)
κmax
(m−1)
1 15 10 1.5× 1.2 [3,1.52,3] 0.30 16 4.4
2 15 13 1.5× 1.2 [3,1.52,3] 0.30 23 2.5
3 30 16 1.5× 1.2 [3,1.52,3] 0.30 28 2.3
4 30 14 1.5× 1.2 [3,1.52,3] 0.30 21 3.7
5 100 25 1.5× 1.2 [3,1.52,3] 0.30 44 2.4
6 100 25 1.5× 1.2 [3,1.52,3] 0.30 44 2.7
7 100 17 3.6× 2.0 [6,1.52,6] 0.16 25.5 1.2
8 500 30 3.3× 1.7 [6,0.76,6] 0.17 42.5 2.5
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Transverse wave speed
Calculating the area of the flat central region, Ac, was used to determ-
ine transverse wave speed in the window as it responds to the blast
load. Figure 3.31 shows the change in the undeformed central area
of the window and the resulting calculated values of transverse wave
velocity versus time for test seven. The central area was calculated
from the area where the slope was less than 2◦. Initially the central
area decreases rapidly as the transverse waves propagate in the glass
towards the centre from the edges. After approximately 26ms the
gradient becomes less steep, indicating that transverse waves have
slowed. The transverse wave speed in a fractured laminate will be
less than in an unfractured laminate due to a drop in stiffness. It is
therefore likely that the glass plies fractured at approximately 26ms.
Table 3.10 details the measured wave speed before and after the glass
fractures. Also given are the times of glass fracture as determined by
the time of drop in wave speed. The mean transverse wave speed was
found to be 143m/s before fracture and 36m/s after fracture for the
[3, 1.52, 3]mm laminated glass windows. For the thicker windows in
test seven and eight the mean wave speed before fracture was 194m/s.
In tests seven and eight the wave speed after fracture dropped to
25m/s and 15m/s respectively.
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Figure 3.31: Change in area of the flat central region and transverse wave
velocity vs time for test seven.
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Table 3.10: Transverse wave speed in window.
Test [dg, dPVB, dg]
(mm)
Before
fracture
cbf (m/s)
After
fracture
caf (m/s)
Time of
fracture
tfrac (ms)
1 [3,1.52,3] 114 37 16
2 [3,1.52,3] 144 36 23
3 [3,1.52,3] 156 38 28
4 [3,1.52,3] 127 34 21
5 [3,1.52,3] 142 37 44
6 [3,1.52,3] 178 37 43
7 [6,1.52,6] 197 25 25
8 [6,0.76,6] 190 15 42
3.3.3 Edge reaction forces
A typical strain time history recorded on the window frame edge is
shown in Figure 3.32. The blast wave arrives at approximately 19ms
when the strain recorded from the outside and inside gauges rises
in almost equal value (≈ 170 μ) but opposite in sign. At this stage
the strain in the frame is almost exclusively due to bending and is
the response due to the uncracked laminate. At the point of cracking
(t ≈ 20ms) the strain peaks before dropping over the next millisecond
due the glass plies fracturing.
After fracture the cracked laminate pulls on the frame at an increas-
ing angle and the strain rises to approximately 400 μ on the outside
and −300 μ on the inside gauge before levelling out to some extent.
Tearing of the joint starts at approximately 24.5ms when the strain
starts to fall again and is completely torn by 27ms. This time was
confirmed using the high-speed video observations. The strain val-
ues do not return to zero immediately after failure due to vibrations
in other parts of the cubicle.
Using the strain gauge readings and the angle of pull observed us-
ing image correlation a value for the tension in the cracked laminate
was calculated using Equation 3.16. Figure 3.33 shows the calculated
tension in the laminate vs time. The angle used in the calculation was
taken from a smoothed c-spline approximation of the angle measured
using image correlation and is also shown in the figure. The force re-
corded at the point of failure was 23 kN/m at an angle of 30◦.
Failure force and angle of pull at failure are compiled in Table 3.11
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Figure 3.32: Strain gauge traces at bottom of window one, test four.
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3.3 results
for all strain gauged test samples (see Figure 3.2 for strain gauge
locations). As no angle measurements were made directly on window
two in each test, it was necessary to assume that the deflected shape
was the same as that recorded for window one using DIC. The failure
angle for window two was calculated by finding the failure time from
the strain gauge traces and referring to the angle formed for window
one at that time. The mean failure angle for all tests was observed to
be 30◦ with a standard deviation of 5◦. In test two, joint failure did
not occur on the inward stroke and the force and angles listed are the
maxima on the inward stroke.
The failure force at the joint is likely to depend on the joint bite
depth db (see Figure 3.8). Measurements of the bite depth were taken
and Figure 3.34 shows the failure force recorded as the bite depth
varies. The depth of silicone used was between 15mm to 25mm and
varied between samples, between each edge and along each edge it-
self. The mean bite depth for all test samples was 158mm with a
standard deviation of 2.5mm.
Plotting the failure force vs bite depth does not reveal a trend in it-
self as the range of bite depths tested is too narrow. It is reasonable to
assume that the failure force will increase as the bite depth increases.
If the relationship is linear a nominal joint failure strength σj can be
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Figure 3.34: Failure force vs bite depth from blast tests.
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calculated using,
Ff
b
= σjdb (3.22)
The joint failure strength is termed nominal because the joint will
not be in a state of uniform stress due to the eccentric loading. The
mean value for σj was found to be 1.1MPa with a standard deviation
of 0.3MPa.
3.3.4 Blast pressure
A typical time history of reflected pressure, pr, is shown in Figure 3.35
for test four. The pressure recorded during the experiment shows a
near instantaneous rise in pressure to 150 kPa followed by an expo-
nential like decay. The area enclosed by the initial positive phase is
equal to the positive reflected impulse acting on the structure. At the
tail of the blast wave the pressure falls below atmospheric pressure,
creating a negative load on the structure. The pressure and impulse
of this phase are much smaller than those in the positive phase.
Also shown in Figure 3.35 is the pressure predicted by the Air3D
model at the centre of the window. The blast wave is generally of
the same shape as that recorded in the experiment, but is smoother
-50
 0
 50
 100
 150
 200
 10  15  20  25  30  35  40
p
r 
(k
P
a)
t (ms)
Experiment
Air3d
Figure 3.35: Reflected pressure time history for test four.
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in appearance and arrives approximately 1ms sooner. Compared to
the experiment, the rise to peak to pressure is slower and the pres-
sure peak is rounded over. The predicted shape at the shock front
is largely determined by the cell size used in the simulation. Coarse
cells smear out the shock front, resulting in a slow rise time and an
under-prediction of peak pressure. A smaller cell size would reduce
the rise time and sharpen the peak of the wave, at the expense of
increased computation time. In these simulations, the cell size was
refined until the predicted impulse converged. It was found that the
cell size needed for the predicted peak pressure to converge required
more computational time than was available.
A summary of the recorded peak positive pressure and impulse
from the blast experiments and Air3D predictions at the centre of
window are given in Table 3.12. Both incident and reflected pressures
are given to allow direct comparison. In general, the peak pressures
and impulses predicted by Air3D are below those recorded in the
experiments by between 5% to 20%. Some discrepancies are due to
a difference between the gauge block size and the test cubicle size.
In all simulations the reflected pressure and impulse were calculated
on the actual test cubicle dimensions, rather than the gauge block.
In tests five and six the gauge block used was larger than the test
cubicle and as result the experimental measurements will overestim-
ate the impulse loading on the window. In test eight the gauge block
was smaller than the test cubicle and will therefore underestimate the
impulse on the window. This is why the predicted impulse for test
eight was higher than that recorded in the experiment. In test two a
higher impulse was recorded than test one, despite a larger stand-off
distance. This higher impulse was possibly due to a misaligned pres-
sure gauge. Given that the failure in test two was much less severe
than test one the window is unlikely to have seen pressure as high as
was measured.
There was also some discrepancy in the blast wave arrival times at
the cubicle, the gauge block and the predicted time. A comparison
of arrival times recorded by different methods is given in Table 3.13.
The arrival times recorded by image correlation and the strain gauges
agree to within 1ms. This was expected as this was equal to the inter-
frame time in these tests. However, tests three to six show over 1ms
difference between the arrival times recorded at the cubicle and gauge
block. The largest difference was in test four where the wave arrived
at the cubicle 3.4ms before the gauge block. This indicates that the
measured impulse may be an underestimate of the actual loading on
the window.
The differences seen could be due to a number of factors. An asym-
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Table 3.13: Blast wave arrival times.
Arrival time ta (ms)
Test W
(kg)
R
(m)
Strain
gauge
DIC * Pressure
gauge
Air3D ConWep
1 15 10 14.3 15 15.0 14.3 14.3
2 15 13 20.0 21 20.3 21.5 21.7
3 30 16 25.9 26 24.6 25.7 26.4
4 30 14 18.6 19 22.0 20.9 21.4
5 100 25 - 41.5 42.8 41.2 42.9
6 100 25 - 41.5 42.7 41.2 42.9
7 100 17 - 23.0 - 22.0 23.2
8 500 30 - 40.5 40.6 39.4 41.8
* Frame time for first observed movement
metric blast wave would reach the cubicle and gauge block at differ-
ent times. Such a wave could be created from an asymmetric charge
or an off-centre detonator. A strong wind can also cause asymmetry
over long distances and focus the blast wave in a particular direction.
Differences in stand-off distance to each target could also account for
the differences. Arrival times predicted by Air3D are closer to the ar-
rival times at the cubicle than the gauge block, with the exception of
tests two and four.
The impulse experienced by the window varies over its surface.
Figure 3.36 shows how the predicted impulse varies for window one
in test four. The highest impulse is supplied near the bottom centre of
the cubicle and reduces in all directions from this point. The impulse
reduces more rapidly near to edges. This is due to rarefaction waves
propagating from the edges towards the centre reducing the pressure
acting on the window in an effect known as clearing.
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Preferred failure mode
Failure in the joint region, whether it occurs by tearing of the struc-
tural silicone or tearing of the PVB near the edge, is the most undesir-
able mode of failure. In this case the majority of the laminated pane
becomes detached from the frame and can have sufficient velocity to
travel large distances, presenting a high risk to building occupants.
Tearing at the centre of the pane is preferable to tearing at the edge,
providing that no large glass fragments become detached from the
laminate. In this case projectiles with large amounts of kinetic energy
would be minimised and only the residual blast pressure will cause
damage inside the building. Should any tearing of the PVB occur, the
preference is that it occurs when the velocity of the pane is near zero
(that is when the pane is near maximum deflection) so that the re-
sidual velocity of any fragments is minimised. Blast resistant designs
should therefore ensure that the failure force of the glazing joint and
connecting components exceeds the tearing force of the cracked lam-
inated glass.
Deflected shape and transverse waves
Under blast loading the window pane has a peak initial acceleration
and quickly acquires an approximately uniform velocity field across
its surface. If the blast wave duration is short compared to the natural
period of the pane response the subsequent deflection occurs entirely
due to the momentum of the pane. At the edges of the window the
pane is at rest due to the frame. This restraint causes a transverse
deceleration wave to propagate inwards from each edge towards the
centre. In the early states of the response the centre region of the win-
dow is ahead of the deceleration wavefront and continues to travel
inwards, unaffected by the restraint at the edge. Behind the deceler-
ation wavefront the pane loses the momentum it initially acquired
and effectively comes to rest. The result is a deflected shape that con-
sists of a relatively flat central region with deformed curved regions
close to the edges. The maximum deflection occurs when the trans-
verse waves reach the window centre and the whole profile is curved
(when taken across the shortest dimension). Strain energy stored in
the pane causes it to rebound and the velocity field is no longer uni-
form.
The ratio between the transverse wave speed and the inward velo-
city is crucial to the response of the window. A fast inward velocity
and slow transverse wave speed will cause a large undeformed cent-
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ral region, with strain and curvature concentrated near to the edges.
Strain rate in this region will also be high. This is likely to lead to
tearing of the PVB around the edges, as was seen in tests eight. A
slow inward velocity and fast transverse wave speed will allow the
strain and curvature to develop over a larger area and will be smaller
in magnitude.
When the duration of the loading pulse is short compared with
the natural time period of the pane, the maximum velocity of the
window is limited by the conservation of momentum and is equal to
the supplied impulse per unit area divided by the mass per unit area
of the laminate ρA,
vmax =
ir
ρA
(3.23)
A thick pane of laminated glass will move slower than a thin pane
for a given impulse due to an increase in mass per unit area.
The transverse wave velocity can be found by considering the win-
dow as a thin plate before the glass fractures and as a membrane
after the glass fractures. The membrane case is simpler and will be
considered first. The transverse wave velocity in the laminate after
the glass has fractured is,
caf =
√
F
bρA
(3.24)
where F/b is the tension in the cracked laminate per unit width [63].
A thicker pane will therefore have a slower transverse wave velocity
by an amount proportional to the square root of mass per unit area.
The ratio v/c will therefore decrease for a thicker pane, reducing the
concentration of strain and curvature near to the window edge. In
tests one to six the average value for caf was 36m/s and the area dens-
ity ρA was 16.8 kg/m2, giving an approximate tension in the laminate
per unit width of 22 kN/m. This is within 10% of the average tension
calculated using the strain gauges located on the window frame (see
Table 3.11).
The tension in the cracked laminate will depend on the thickness of
the PVB interlayer. A thicker interlayer will have a higher tension for
a given strain and strain rate. This would increase the wave velocity
by an amount proportional to the square root of the tension. A thicker
interlayer would also increase the mass per unit area, but the effect
is less since the mass of the interlayer is small compared to the mass
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Figure 3.37: Inward velocity against transverse wave velocity after fracture.
of the glass. Figure 3.37 compares the ratio v/c after fracture for the
eight tests conducted.
In test eight, the glass was twice as thick and the interlayer was half
as thick compared to the layup in standard 7.52mm laminated glass.
This reduced the transverse wave velocity after fracture by approxim-
ately half. If the same impulse was given to both types of glass the
velocity acquired by the thick pane would be half that of the stand-
ard thickness and the ratio v/c would stay the same. However, in test
eight the impulse supplied was over twice that supplied to any of
the 7.52mm panes giving v/c ≈ 2. This led to the high strain and
strain rates observed near the edges and the tearing the PVB inter-
layer. There are additional factors associated with the performance
of thin PVB interlayers that contributed to PVB tearing in this case.
These are investigated and discussed in Chapter 5.
The transverse wave velocity in the laminate before it fractures is
more complex and depends on the bending stiffness, the area density
of the laminate and the wave length λ [63]. The wave velocity before
fracture, cbf, can be calculated using
cbf =
1
λ
√
Egd
3
l
12ρA
(3.25)
where Eg is the Young’s modulus of glass and dl is the overall thick-
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ness of the laminated pane (the section stiffness is assumed to be the
same as a monolithic pane with the same total thickness). If the thick-
ness of the glass is doubled the bending stiffness will increase by a
factor of eight and the area density will approximately double. Doub-
ling the thickness will therefore increase cbf by a factor of two. Since
the inward velocity will also reduce by a factor of two for a given
impulse the ratio v/c will drop by a factor of four. This will reduce
curvature of the window near the edges (the maximum curvature
before fracture is however also reduced).
Velocity and impulse
Equation 3.23 gives a limit on the maximum inward velocity of the
windows due to the conservation of momentum. Figure 3.38 shows
the maximum window velocity for each test vs the supplied impulse
as calculated by Air3D. The lines show the limits imposed by the
conservation of momentum for each type of laminated glass tested.
These limits were calculated by determining the mass per unit area
from the thickness and density of each layer in the laminate.
The maximum velocity of the two thicker glass panes were both
lower than their respective momentum limits. For the standard
7.52mm panes four of the samples are close to the velocity limit and
two samples are far in excess of the limit. The four tests lying close to
the velocity limit are just over the limit but are within the uncertainty
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Figure 3.38: Maximum velocity vs supplied impulse calculated by Air3D.
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of the calculated mass per unit area (derived from manufacturing tol-
erances on the glass thickness).
The points which are far in excess of the velocity limit are tests
one and four. In test four the reflected impulse was predicted as
413 kPa ·ms but was measured as 463 kPa ·ms at the gauge block.
To achieve a maximum velocity of 29m/s the supplied impulse must
be at least 487 kPa ·ms for this laminate type. The arrival time at the
cubicle in test four was over 2ms before that predicted by Air3D and
over 3ms before that measured at the gauge block. The earlier ar-
rival time indicates that the impulse was likely to have been higher
than predicted and explains the discrepancy. No such explanation can
be given for test one. The estimated impulse for this test was likely
to be accurate as the predicted and measured pressures and arrival
times all agree. The mass per unit area of the laminated glass was
not measured directly and could have been less than calculated. If
2.5mm thick glass plies were used to construct the laminate then the
measured maximum velocity would be in line with that calculated
for the supplied impulse.
Uncertainty in loading on windows
Differences in the arrival time of the blast wave at the cubicle and
at the pressure gauges will cause errors in the calculated impulse on
the cubicle. At worst the difference in arrival time was over 3ms. If
the blast wave arrives at the pressure gauge first it is likely that the
impulse is an overestimate. Conversely if the blast wave arrives at
the cubicle first it is likely that the impulse is an underestimate. Blast
wave asymmetry caused by an asymmetry charge and differences in
stand-off distances were likely causes of these discrepancies. As a
result, it was decided to use the predictions made by Air3D in prefer-
ence to the pressure gauge readings when calculating the load on the
structure. An improved arrangement would be to locate the pressure
gauges on the cubicle itself. This was not done in these tests because
the pressure measured varies over the cubicle face and it would not
be possible to measure the pressure directly at the position of the
window. Also, vibrations of the steel front introduce significant noise
into the recorded signal. If pressure gauges were located around the
perimeter of the window and damped to prevent transmitted vibra-
tions from the cubicle a simple interpolation could be performed to
give an improved estimate of the actual loading on the window.
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Uncertainty in edge reaction forces
The analysis of the postcrack edge reaction forces relied on the as-
sumption that the steel frame could be considered as a cantilever
beam, only experiencing small deflections. However it could be seen
from the images captured by the high-speed cameras that the cubicle
itself was deflecting in response to the blast load. The window frame
was seen to rotate inwards under the blast loading, reducing the edge
angle and bending moment in the frame. It is therefore likely that
the calculated tension in the cracked laminate is an underestimate in
some cases. If a force acts at 30◦ and the frame rotates inwards by 5◦
to 10◦, reducing the effective angle to 20◦ to 25◦, the tension in the
cracked laminate will be underestimated by 8% to 18%.
The eccentricity of the applied load de (see Figure 3.9) is also an un-
certainty in the analysis. The value is likely to change as the force and
angle of pull change. It was assumed in the analysis that the sealant
would compress by 50% around the tip of the frame. A 1mm differ-
ence in the eccentricity corresponds to a 4% difference in calculated
force for a 30◦ angle of pull. A combination of these uncertainties is
a likely source of the large variability seen in the calculated nominal
failure strength.
Temperature effects
PVB is a viscoelastic material and its response to strain depends on
both time and temperature. No attempt was made to control the test
temperature in these experiments. The glass transition temperature
of PVB is approximately 20◦C and the air temperatures at the time
of test were observed to be between 0◦C and 15◦C. At the high strain
rates observed, the modulus of the PVB in this temperature range
will be in the glassy range. The effect of strain rate on the response
of cracked laminated glass is investigated further in Chapter 5. Ap-
pendix A details the ambient temperature and other weather obser-
vations at the time of test.
3.5 conclusions
A series of eight open-air blast experiments were performed on lam-
inated glass windows to measure deflection and edge reaction forces.
Ten laminated glass samples of layup [3, 1.52, 3]mm, one sample of
layup [6, 1.52, 6]mm and one sample of layup [6, 0.76, 6]mm were
tested. The panes were loaded with positive blast wave impulses ran-
ging from 284 kPa ·ms to 1040 kPa ·ms.
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Failure in the joint region was observed in 11 out of the 12 test
samples and was the predominant mode of failure. Partial and com-
plete tearing of the PVB interlayer were also observed in the two
thicker samples. Three different joint failure modes were observed;
cohesive failure in the bulk silicone, lateral cracks in the glass frag-
ments and delamination of the PVB glass interface. Cohesive failure
of the silicone and lateral cracking in the glass fragments were found
to be more common than debonding of the PVB interlayer. No evid-
ence of adhesive failure of the silicone was found in the joint region.
The image correlation results show that the angle of pull was ap-
proximately constant along the edges. The mean tension in the cracked
laminate and angle of pull at failure were found to be 20 ± 5 kN/m
and 30◦ ± 5◦ respectively. There was a large variability in the meas-
ured failure force for a particular bite depth. This was due to small
rotations in the window frame and uncertainties in the eccentricity
of the applied load. Since almost all test samples failed prematurely
at the silicone joint, the full performance of the laminated glass was
not tested. Failure in the joint region is the most undesirable mode of
failure because the majority of the laminated pane becomes detached
from the frame and can contain sufficient kinetic energy to cause seri-
ous injury to building occupants. This highlights the need for proper
specification of joint sizes and framing relative to the tearing strength
of the cracked laminated glass. The factors controlling the failure of
cracked laminated glass and the strength of silicone glazing joints are
investigated further in Chapters 5 and 6 respectively.
The method of measuring pressure in a gauge block separate to the
test cubicle was found to be unreliable. Arrival time of the blast wave
measured at the cubicle and the gauge block disagreed by up to 3ms.
This difference in arrival time indicates a difference in the impulse
experienced at the test cubicle and that measured by the gauge block.
Charge asymmetry and difference in stand-off distances were likely
causes of these discrepancies. As a result, the predictions made using
Air3D were used to evaluate loading on the structure.
The high-speed image correlation results have allowed a detailed
analysis of the response of laminated glass under blast loading. The
deflected shape of the windows showed a flat central region deflect-
ing into the cubicle with curved and strained regions concentrated
close to the edges. The fracture pattern in the glass plies was largely
determined by the stress created by the curvature at the time of
fracture. As the panes deflected further the flat central region be-
came smaller until the whole profile was curved. The restraint at the
edges caused transverse deceleration waves to propagate inwards to-
wards the centre from each edge. Displacements before failure of over
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200mm were observed. Peak observed velocities and accelerations at
the centre of the pane ranged from 17m/s to 31m/s and 3 km/s2 to
6 km/s2 respectively. The peak velocities were closely related to the re-
flected impulse due to the conservation of momentum. This provides
a very simple method of estimating maximum pane velocity when
the loading is of short duration.
Measurements of the undeformed flat central region were used to
calculate the transverse wave velocity. The measured transverse wave
velocity after fracture of the glass plies correlated with those pre-
dicted by considering an elastic membrane and the measured tension
in the cracked laminate. The ratio of inward velocity to transverse
wave velocity is important as it affects the concentration of strain and
strain rate at the edges of the window. Adding mass to the window
by increasing the glass thickness improves the ratio by the square root
of the increase in mass. A thicker interlayer improves the ratio by the
square root of the increase in interlayer thickness, providing the joint
and frame can cope with the increase in tension. Strain in the cracked
laminated glass was observed to reach values of 15% without tearing
for a 1.52mm interlayer. Strain rates between 10 s−1 and 40 s−1 were
also observed. Tearing of the 0.76mm interlayer was observed at 13%
strain at a strain rate of 40 s−1 . The experimental results gathered in
this chapter are compared against a finite element model developed
in Chapter 7.
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DYNAMIC BEHAVIOUR OF PVB
4.1 introduction
Polyvinyl butyral (PVB) is the most commonly used interlayer mater-
ial in the manufacture of laminated glass. Its mechanical response is
highly non-linear and time dependent. It is capable of undergoing ex-
tensions to several times its initial length and recovering without sig-
nificant permanent deformation. This chapter details an experimental
investigation of the dynamic response of PVB. The measured prop-
erties describe the mechanical behaviour of PVB under the dynamic
conditions observed in the blast tests detailed in Chapter 3. These ma-
terial properties are used to provide input data for the blast response
models presented in Chapter 7.
4.2 methods
The dynamic behaviour of PVB was investigated using two exper-
imental methods. The small-strain behaviour was investigated us-
ing dynamic mechanical analysis (DMA) at frequencies from 1Hz
to 100Hz and temperatures from −80◦C to 70◦C. The large-strain be-
haviour was investigated using a servo hydraulic tensile test machine
at displacement rates between 0.01m/s and 15m/s to determine the
dynamic stress-strain response of PVB. The interlayer material tested
was Saflex PVB produced by Solutia Inc. with product numbers RB-
41 and RB-71 corresponding to thicknesses of 0.76mm and 1.52mm
respectively. These products are identical formulations of PVB and
only differ in thickness.
4.2.1 Small-strain viscoelasticity
The small-strain viscoelastic behaviour of PVB is of interest when
considering the response of a laminated glass pane to blast loading
before the glass plies fracture. Under these conditions the strain in
the PVB is limited by the failure strain of the glass plies (typically
0.1%). The small-strain viscoelastic response has been investigated
using DMA. The following sections cover some background informa-
tion on viscoelasticity and lead on to a description of the DMA exper-
imental technique and analysis methods.
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Linear viscoelasticity
The viscoelastic properties of a material can be investigated by sub-
jecting a sample to an oscillatory load. When a viscoelastic material
is subjected to an oscillating load the strain ε lags behind the ap-
plied stress σ due to the viscous component of the material response.
Figure 4.1a shows an applied sinusoidal stress and the resulting out-
of-phase strain response with a phase angle δ. It is useful to define
two moduli which correspond to the elastic and viscous components
of stress. Figure 4.1b shows the stress signal decomposed into a com-
ponent in phase with the strain and a component out-of-phase with
the strain.
The amplitude of the stress in-phase with the strain divided by the
strain amplitude is referred to as the storage modulus and is denoted
by E′ in tension and G′ in shear. The amplitude of the stress out-of-
phase with the strain divided by the strain amplitude is referred to
as the loss modulus and is denoted by E′′ in tension and G′′ in shear.
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(b) Stress components.
Figure 4.1: Sinusoidal stress and strain for a linear viscoelastic material.
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The ratio of the moduli is equal to the tangent of the phase angle
E′′
E′
=
G′′
G′
= tan δ (4.1)
For tan δ = 0 the stress and strain are in-phase (the loss modulus
is equal to zero) and the material behaviour is purely elastic. For
tan δ = 1 the viscous component of stress is as large as the elastic
component and the stress and strain are 45◦ out-of-phase. At a phase
angle of 90◦ the storage modulus is equal to zero and the material
behaviour is purely viscous.
Glass transition
At low temperatures, or short time-scales (high strain-rates), poly-
mers exhibit a high modulus termed the glassy modulus. At high
temperatures, or long time-scales (low strain-rates), a low modulus
is observed and is termed the rubbery modulus. The region between
these two types of behaviour is termed the transition region. From
an engineering stand point it is useful to define the glass transition
temperature Tg as the temperature at which the modulus begins to
drop rapidly from its glassy modulus value. This can be determined
from a graph of log E′ vs temperature by plotting tangents of the
modulus curve in the glassy and transition regions and finding the
temperature at which the two tangents intersect.
Dynamic mechanical analysis
In dynamic mechanical analysis (DMA) a sinusoidal strain is applied
to a sample and the resulting stress signal is measured in order to
calculate storage modulus, loss modulus and tan δ. This is usually
performed over ranges of frequencies and temperatures to character-
ise a material at different time scales. A TA Instruments Q800 DMA
machine was used to test the small-strain viscoelastic behaviour of
PVB in extension. Figure 4.2 shows the tensile fixture used to apply
oscillatory strains to the sample.
In this fixture the top of the sample is held stationary between grips
and the bottom of the sample is connected to a drive shaft which
oscillates up and down. The initial length of the sample l0 was 16mm,
the width w was 4.45mm and the thickness was 1.52mm. A small
preload was applied to the sample to ensure that it did not buckle
when oscillated. The stress in the sample was then calculated from
the cross sectional area and the applied force. The strain was found
from the original length of the sample and the displacement of the
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Figure 4.2: DMA tensile fixture.
drive shaft. The PVB was tested with a strain amplitude of 0.1% at
three frequencies; 1Hz, 10Hz and 100Hz.
The test fixture shown in Figure 4.2 was enclosed inside a chamber
so that the temperature could be controlled and varied. A liquid nitro-
gen cooling stage was used to reduce the temperature in the chamber
to below ambient and an internal heating element was used to raise
the temperature above ambient. A thermocouple placed close to the
sample was used to provide feedback for the temperature controller.
The PVB was tested under isothermal conditions at 5◦C temperature
increments from −80◦C to 70◦C. At each temperature increment, data
was collected at the three test frequencies.
Time-temperature superposition
The Time-Temperature Superposition (TTS) principle states that the
moduli (and other viscoelastic functions) measured over a range of
frequencies at one temperature can be superposed with the moduli
measured over a range of frequencies at a different temperature. That
is to say there is an equivalence between time and temperature for the
material response. TTS can be used to expand the tested frequency
range by performing tests at different temperatures and reducing the
results to a single reference temperature T0.
The reduction of data to a single temperature is performed by shift-
ing the frequency values collected at one temperature by a factor, aT,
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until the curve overlaps with the curve at the reference temperature.
The shift factor is equal to
aT =
ω0
ωT
(4.2)
where ω0 is the frequency that gives a particular response at the
reference temperature and ωT is the frequency that gives the same re-
sponse at another temperature. Calculating the shift factors for each
test temperature allows a master curve to be produced where all the
data have been reduced to a single reference temperature. This tech-
nique was applied to the data acquired using DMA to expand the fre-
quency range beyond the machine capabilities which were between
0.01Hz and 200Hz. The shift factors of the data were determined
by manually shifting the data to a reference temperature of 20◦C us-
ing the Rheology Advantage Data Analysis Software provided by TA
Instruments.
The Williams-Landel-Ferry (WLF) equation [33] is an empirical re-
lation between temperature and shift factors of the form
log aT = −
C1 (T − T0)
C2 + T − T0
(4.3)
where C1 and C2 are constants. The manually determined shift
factors were fitted to the WLF equation using nonlinear regression
to find C1 and C2. This was done for shift factors between 0
◦C and
70◦C. Below 0◦C the PVB was found to be in the glassy regime and
the shift factors were no longer described by the WLF equation. The
shift factors were recalculated using the WLF equation to provide a
refined master curve. Once a master curve has been generated the
WLF equation could be used to extrapolate it to different reference
temperatures.
Generalized Maxwell model
The small-strain viscoelastic behaviour of many polymers can be de-
scribed using the generalizedMaxwell model [64]. The model is shown
in Figure 4.3 and consists of a series of elastic spring and viscous
damper pairs in parallel. Under rapid loading the damping elements
do not have time to deform and the stiffness is defined by the sum-
mation of the spring elements. For infinitely slow loading the stresses
in the damping elements are zero and the stiffness is defined by the
single undamped spring. This model is commonly used to define vis-
coelastic behaviour in finite element programs such as Abaqus.
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Figure 4.3: Generalized Maxwell viscoelastic material model.
The Generalized Maxwell model can be defined mathematically by
G(t) = G∞ +
n
∑
i=1
Gie
−t/τi (4.4)
where G(t) is the shear relaxation modulus and is a function of
time t, G∞ is the long term shear modulus and Gi and τi are the
shear modulus and relaxation times associated with each spring and
damper pair. The instantaneous shear modulus G0 is defined as
G0 = G∞ +
n
∑
i=1
Gi (4.5)
The Abaqus finite element program requires the values of G0, Gi
and τi to model viscoelasticity. The frequency data produced using
DMA and TTS were converted to relaxation data using the
approximation [64]
G(t) = G′(ω)− 0.40G′′(0.40ω) + 0.014G′′(10ω)
∣∣
ω=1/t
(4.6)
where ω is the frequency in radians per second. The measured
tensile storage and loss functions E′(ω) and E′′(ω) were converted
to G′(ω) and G′′(ω) using the relation E = 3G (assuming an in-
compressible material) [64]. Evaluation of the loss modulus at the
required frequencies was performed using linear interpolation. Non-
linear regression was used to fit the generalized Maxwell model to
the shear relaxation modulus data and determine the values of G∞,
Gi and τi.
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4.2.2 Large strain tensile tests
The large strain behaviour of PVB is of interest when considering the
response of cracked laminated glass to blast loading. In this situation
the PVB acts as a bridging ligament between glass fragments and can
experience large extensions before failing. A servo-hydraulic tensile
test machine was used to test PVB samples in tension at displacement
rates between 0.01m/s and 15m/s.
PVB tensile specimens
Tensile test specimens were cut from sheet PVB of thickness 0.76mm
(Solutia product number RB-41) using a die. The sample geometry
used was that of specimen Type 2 outlined in BS ISO 37:2005 [65]
and is shown in Figure 4.4. The 20mm central test section length was
marked with thin black lines using a permanent marker pen prior
to testing to enable the strain to be monitored during the test us-
ing a high-speed camera. The use of a full-field strain measurement
technique such as digital image correlation was not required since
the specimen is designed to ensure a uniform strain in the test sec-
tion length. Difficulties in applying a speckle pattern that remained
adhered to the sample during large deformations also prevented full-
field measurements from being made. Digital callipers were used to
measure the thickness and width of the test section at three locations
to an accuracy of 0.03mm. The number of samples tested at each
displacement rate is outlined in Table 4.1.
Test equipment
An Instron VHS high strain-rate test machine was used to load the
PVB test samples in tension. The test samples were connected to the
test machine through lightweight titanium alloy grips. All connecting
Figure 4.4: PVB tensile test sample dimensions.
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Table 4.1: Number of PVB samples tested at each rate.
Rate (m/s)
0.01 0.1 0.32 1 2 5 10 15
N 2 2 2 5 3 5 8 2
components between the sample and load cells were kept as light as
possible to minimise transient forces under acceleration. A piezoelec-
tric load-cell (Model 222B manufactured by PCB Piezotronics Inc) was
used to measure load at displacement rates above 0.1m/s. At slower
rates it was found that the discharge time constant of the load-cell
and amplifier circuit was too short with respect to the rate at which
the force was changing, resulting in drift in the recorded signal. To
mitigate this problem a strain gauge load-cell was used at displace-
ment rates of 0.1m/s and slower since strain gauges do not suffer from
the loss of charge as piezoelectric load cells do.
The top of the sample was connected to the test machine actuator
through a lost-motion device as shown in Figure 4.5. The device gives
the actuator enough travel to accelerate to the desired test velocity be-
fore loading the sample. A thin rubber washer was used to dampen
vibrations from the impact at the end of the lost-motion device’s
travel. A support was provided to prevent the PVB samples from col-
lapsing under the weight of the loss motion device and to ensure they
were taught prior to loading. The test temperature was not explicitly
controlled and the ambient temperature was found to be 25± 5◦C.
The force from both load cells and the actuator displacement were
recorded by an Imatek C2008 data acquisition system. The position of
the actuator was tracked internally by the test machine using a linear
variable differential transformer (LVDT). A high-speed camera was
used to record extension and strain. An automated lighting system
that switched on just prior to loading was used to minimise heating
of the sample. Further details on the image analysis techniques can
be found in Section 4.2.3. Both the high-speed camera and the data
acquisition hardware were triggered by the actuator displacement,
just prior to the end of travel of the lost-motion device, to ensure
synchronous recording.
89
4.2 methods
Figure 4.5: PVB tension test setup with actuator cutaway showing lost-
motion device.
Data analysis
A typical engineering stress-strain response for a PVB tensile test is
shown in Figure 4.6. The strain in the sample was calculated from
tracking markers on the sample in images captured by the high-
speed camera. This procedure is outlined in Section 4.2.3. The im-
ages were captured at known intervals from the time the camera was
triggered, enabling the calculated strains to be easily synchronised
with the force-time data. However, the force was captured at a higher
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frequency than the images used to calculate strain. It was therefore
necessary to interpolate the strain data to the times at which the force
data was sampled. The stress at failure, σf, and the strain to failure, εf,
were calculated at the time of maximum force. Two moduli were also
calculated, the small-strain modulus, E0, and the large strain modu-
lus E20% corresponding to the gradient of the stress-strain curve at
20% strain. The stress at the point where the two moduli lines inter-
sect, as shown in Figure 4.6, is defined as the overstress σov and is a
measure of the increase in stress due to viscous effects.
When considering large deformations it is useful to define new
measures of stress and strain in addition to their engineering defini-
tions. For most materials a large tensile extension is accompanied by
a reduction in cross-sectional area, resulting in an increase in stress.
The true stress σt takes this reduction in area into account by using
the current cross-sectional area in its definition rather than the ori-
ginal cross-section area. It is often related to the engineering stress σ
by assuming that the deformation occurs under a condition of con-
stant volume and uniform strain (that is no necking). This results in
the relation
σt = σ (1+ ε) (4.7)
where ε is the engineering strain. This assumption is usually valid
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Figure 4.6: Typical stress-strain curve from a PVB tensile test.
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for rubbery materials since Poisson’s ratio is approximately 0.5 [66,
67]. The extension ratio, or stretch, λ is defined as the ratio of current
length l to initial length l0 and is related to the engineering strain by
λ =
l
l0
= 1+
∆l
l0
= 1+ ε (4.8)
These definitions of true stress and stretch are commonly used in
hyperelastic constitutive models.
4.2.3 Image analysis
Lucas-Kanade tracking method
Images of the sample deformation captured by high-speed camera
were post-processed to extract displacement and strain on the samples.
A software program was developed using the OpenCV computer vis-
ion library to track the position of important features on the samples
over time. The Lucas-Kanade (LK) method of feature tracking was
used to track the motion of selected features between images. The
LK method relies on three assumptions when tracking features [68].
A constant feature brightness is required between frames to enable
the selected feature to be identified in the next frame. Similarly, only
small movements of the feature are allowed between frames, reducing
the search area and computational effort required to find the feature
in the subsequent frame. These first two assumptions are generally
satisfied if the camera frame rate is fast enough when compared to
any change in brightness and position of the feature. The last assump-
tion is spatial coherence, meaning that the feature must be part of the
same surface, move as a whole and not be obscured by another fea-
ture. This assumption can be easily invalidated if a piece of debris
passes over the feature of interest or a feature breaks up due to the
formation of a crack.
The LKmethod tracks features by using temporal and spatial bright-
ness derivatives to estimate the velocity at a point. At a single pixel
the velocity can be estimated, providing the motion is small, using
the equation of optical flow
∂I
∂x
u+
∂I
∂y
v+
∂I
∂t
= 0 (4.9)
where I is brightness, x and y are the two spatial directions of
the image plane, u and v are the velocities in their respective dir-
ections, and ∂I/∂t is the brightness derivative with respect to time.
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This equation cannot be solved using only one pixel since there are
two unknowns u and v. The LK method assumes that neighbouring
pixels also move at the same velocity (spatial coherence) and applies
the optical flow equation to a window of pixels about the point of in-
terest. The system of equations that is created is then solved by a least-
squares minimization method to find u and v. To solve the system of
equations the feature being tracked must have texture (variation in
brightness) in two orthogonal directions. The calculated velocities are
then used to update the feature position with sub-pixel accuracy.
PVB tests
The features that were required to be tracked in these experiments
were lines drawn on tensile test specimens. Each line has two edges
and the position of the line can be defined as the midpoint between
these edges. Edges are features that have a strong brightness derivat-
ive in only one direction and cannot be tracked using the two dimen-
sional LK method (points along an edge are indistinguishable from
one another). For this reason, lines were digitally added over the im-
ages in the direction of extension to provide texture in the direction
perpendicular to the lines drawn on the specimen, creating a feature
known as a corner. This allowed the two dimensional LK method to
be applied to the essentially one dimensional motion of the lines. The
initial position of the edges were identified to the nearest pixel by
hand and then refined using a sub-pixel refinement algorithm. No at-
tempt was made to calibrate and correct for lens distortion. The effect
of lens distortion was found to be less than a pixel over the specimen
gauge length. An image of a steel rule positioned in place of a test
specimen was analysed and no deviation in the scale length at the
image centre and at the image edge could be found.
The four edges created by the two lines marked on the test spe-
cimens were tracked as shown by the green dots in Figure 4.7. The
test section length in each frame was determined from the average
Figure 4.7: Tracking of test section length on a PVB tensile test sample.
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of the distance between the two outer markers and the two inner
markers before the specimen was loaded. The engineering strain was
then calculated using the original length, determined from the frame
just prior to the start of loading, and the difference in length in all
subsequent frames.
4.3 results
4.3.1 Small-strain behaviour
The tensile storage and loss modulus of PVB measured using DMA
are presented as a function of temperature in Figure 4.8. At temperat-
ures below approximately 5◦C the PVB was found to be in the glassy
region and the storage modulus was in the order of 1GPa. Between
5◦C and 10◦C the modulus began to drop rapidly in magnitude as
the PVB entered its transition region. At temperatures above approx-
imately 40◦C the PVB was in the rubbery region and the storage mod-
ulus dropped to the order of 1MPa. The effect of frequency can be
seen as a shift of the curve along the temperature axis. An increase
in frequency increased the temperature at which the transition region
occurred.
The loss modulus in the glassy region was relatively constant and
was in the order of 100MPa. This was approximately one tenth of
the storage modulus and corresponds to a phase angle of 6◦ between
the stress and strain. In the transition zone the loss modulus was of
the same order of magnitude as the storage modulus and in some
cases exceeded it, corresponding to a phase angle of approximately
45◦ between the stress and strain. The viscoelastic behaviour of PVB
is therefore much more pronounced in the transition region. This is
of importance because the likely operating temperature range of the
material coincides with its transition region.
It can be seen in Figure 4.8 that there is a missing point on the
1Hz curve at 20◦C. This was caused by stability problems resulting
from the sharp decrease in modulus. A positive tensile offset force
was maintained on the sample throughout the test to ensure that it
did not buckle when it was oscillated. The testing machine sets the
magnitude of the offset force to 25% greater than the current dynamic
force (as produced by the applied strain amplitude of 0.1%). As the
modulus decreases the dynamic force decreases and the test machine
reduces the offset force accordingly. At 20◦C the modulus was chan-
ging rapidly and the machine could not maintain a consistent offset
force for long enough to acquire the data at a frequency of 1Hz. In
Figure 4.8b there is a small peak in the loss modulus on the 100Hz
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Figure 4.8: Tensile storage and loss moduli vs temperature for PVB.
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curve at −10◦C. It is unclear what has caused this peak. The data
were acquired close to the 200Hz upper frequency limit of the test-
ing machine. The particular combination of stiffness, damping and
temperature could have caused resonance to occur, meaning that the
peak is not a real feature of the material response.
Figure 4.9 shows the storage and loss moduli that have been re-
duced to a reference temperature of 20◦C using TTS and the WLF
equation. It shows that the material enters the glassy region at fre-
quencies of approximately 104 rad/s and is in the rubbery region at
frequencies below 1 rad/s. An approximation between strain rate and
angular frequency can be made by representing the sinusoidal load-
ing as a triangular wave form. In this case the strain rate ε˙ and angular
frequency ω are related by
ε˙ =
ε0
pi
ω (4.10)
where ε0 is the strain amplitude (ε0 = 0.001 here). The PVB there-
fore shows glassy behaviour for strain rates above 3.2 s−1 and rub-
bery behaviour at strain rates below 3.2× 10−4 s−1 for a temperature
of 20◦C.
The shift factors and WLF equation fit used to reduce the data to
a reference temperature of 20◦C are shown in Figure 4.10. The WLF
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Figure 4.9: Tensile storage and loss moduli vs frequency reduced to a tem-
perature of 20◦C.
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Figure 4.10: Manually determined shift factors and the WLF equation fit
used to reduce data to a temperature of 20◦C .
equation shows good agreement with the manually determined shift
factors. The WLF constants were determined to be C1 = 8.87 and
C2 = 55.5◦C using nonlinear regression. The WLF equation can be
used to shift the reduced data to a new reference temperature. At a
reference temperature of 25◦C the data would be shifted approxim-
ately one decade higher on the frequency scale. The strain rate re-
quired to produce glassy behaviour would increase at this higher ref-
erence temperature. Similarly a reference temperature of 15◦C would
correspond to a shift of approximately one decade lower on the fre-
quency scale, reducing the strain rate required to produce glassy be-
haviour.
The shear relaxation modulus calculated using Equation 4.6 is plot-
ted as a function of time in Figure 4.11. The generalized Maxwell fit
determined using nonlinear regression is also shown. It was found
that six Maxwell elements were enough to describe the shear relaxa-
tion modulus over this time scale. Table 4.2 gives the calculated gener-
alized Maxwell material constants. These values are used in Chapter
7 to model the viscoelastic behaviour of the PVB interlayer in un-
cracked laminated glass under blast loading.
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Figure 4.11: Shear relaxation curve at a reference temperature of 20◦C.
Table 4.2: Generalized Maxwell model terms.
i Gi/G0 τi (s)
1 0.49016 2.45× 10−5
2 0.40844 2.21× 10−3
3 0.08522 4.98× 10−2
4 0.01389 6.24× 10−1
5 0.00159 2.49× 101
6 0.00200 1.00× 103
* Instantaneous shear modulus G0 = 178MPa, long-
term shear modulus G∞ = 0.125MPa
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4.3.2 High strain-rate tensile tests
A typical time history for a high strain-rate tensile test on PVB is
shown in Figure 4.12. The figure shows engineering stress, strain and
strain rate for a sample tested at 1m/s. The stress trace shows a steep
initial rise in stress after slack in the lost motion device has been
taken up. After the stress reached around 10MPa the rate at which
the stress was increasing slowed by a factor of approximately 10. The
stress continued to increase until failure at a stress of 33MPa and a
strain of 220%. The strain rate during the test began at 27 s−1 and
slowed at an approximately linear rate to 20 s−1 at the time of failure.
Small oscillations in the strain rate can be seen at a time of 0.07 s,
resulting in small oscillations in the recorded stress. These were a
result of small oscillations in the actuator velocity.
The drop in gradient at 10MPa is not a sign that the material has
yielded. Almost all of the extension was recoverable, with samples
returning to within 2.5% of the original gauge length after the test.
The initial steep rise in stress is a result of the viscous component of
the material response and depends on the applied strain rate.
Figure 4.13 shows engineering stress-strain curves for PVB samples
tested at strain rates between 0.2 s−1 and 400 s−1. Curves at strain
rates of 8 s−1 and 200 s−1 are not presented for clarity. The plot shows
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Figure 4.13: Summary of engineering stress vs engineering strain at differ-
ent strain rates.
that the stress-strain response of PVB has a strong strain rate depend-
ence. At a strain rate of 0.2 s−1 the material behaves similarly to a
hyperelastic material, showing large non-linear deformation up to
the point of failure. At higher strain rates the curves show an ini-
tial gradient that increases with strain rate. Above strains of 10% the
curves all have similar shapes except for the stress offset resulting
from the steep initial rise in stress. This suggests that the small-strain
behaviour is greatly affected by the viscous response where as the
large-strain behaviour is not. At a strain rate of 400 s−1 small oscilla-
tions can be seen in the trace after the steep initial rise in stress. The
period of these oscillations was approximately 290 μs and matched
the natural period of the load-cell and grips as determined from os-
cillations after sample break (see Figure 4.15).
Small-strain modulus
The small-strain modulus, E0, was calculated from the initial steep
gradient section of each stress-strain curve and is shown as a function
of strain rate in Figure 4.14. The small-strain modulus varies between
20MPa and 1GPa over strain rates between 0.2 s−1 and 400 s−1. The
modulus values observed between 0.2 s−1 and 60 s−1 are approxim-
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Figure 4.14: Log-log plot of tensile modulus at different strains as a function
of strain rate and empirical fit of Equation 4.11.
ately proportional to the square root of strain rate
E0 = E0,0
(
ε˙
ε˙0
)1/2
(4.11)
where E0,0 is the small-strain modulus at reference strain rate ε˙0.
The small-strain reference modulus was determined using nonlinear
regression and was found to be E0,0 = 51± 3MPa at a reference strain
rate, ε0, of 1 s
−1. The measured small-strain modulus values remain
within 20% of this empirical fit except at strain rates of 200 s−1 and
above.
Limitations at high-rates
At high strain rates the variance in the measured modulus values
increases. To accurately measure modulus, the natural period of the
load-cell and connecting components must be short when compared
to the rise time of the applied force. If this is not the case then the
dynamic response of the load-cell will be too slow and the measured
force will not track the applied force. Figure 4.15 shows the natural
oscillations of the load-cell and connecting components after a load is
suddenly removed. With this setup the natural period of the load-cell
was observed to be approximately 290 μs. The rise time of the applied
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force is a function of strain rate and the modulus. At at strain rate of
400 s−1 the rise time to reach the observed overstress of 20MPa would
be 50 μs, assuming that the modulus can be calculated using Equation
4.11. This predicted rise time is approximately one sixth of the natural
period of the load-cell and the measured force no longer tracks the
applied force, leading to inaccurate modulus values. At a strain rate
of 60 s−1 the rise time is approximately twice the natural period of
the load-cell and is the practical limit for determining modulus.
Other factors also hinder the measurement of modulus in the small-
strain region at high strain rates. Stress waves take a finite amount of
time to propagate along the sample length and the sample can only
be assumed to be in a uniform state of stress if they can be neglected.
To be neglected the waves must decay quickly when compared to the
rise time of the applied loading. The wave speed in the sample can
be estimated using the relation
c =
√
E0
ρ
(4.12)
where ρ is the density of PVB. Applicability of this equation is based
on the assumption that at high strain rates the material is effectively
linear elastic for small strains. Using a modulus of 1GPa for a test at
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Figure 4.15: Unforced vibrations of the load-cell after a load is suddenly
removed.
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a strain rate of 400 s−1 and a density of 1100 kg/m3, the wave speed in
the specimen is in the order of 1000m/s. For a 40mm long specimen
(distance between grips) the stress wave at the start of loading would
take 40 μs to propagate down the sample. This propagation time is
almost equal to the estimated rise time at a strain rate of 400 s−1.
Typically the stress wave will propagate up and down the sample
several times, depending on damping characteristics, before it has
decayed to a level where dynamic equilibrium can be assumed. The
stress and strain in the sample will therefore not be uniform in the
small-strain region for the higher strain rate tests and the calculated
modulus may be inaccurate. At a strain rate of 60 s−1 the wave speed
can be calculated as approximately 600m/s if Equation 4.11 is used to
determine modulus. At this speed the wave would travel the length of
the sample seven times during the rise time, giving the wave enough
time to decay so that dynamic equilibrium can be assumed before the
end of the small-strain region.
The high-speed camera frame rate also limits the measurable mod-
ulus at high strain rates. At the highest rate of 400 s−1 the frame rate
used was 15 kHz, giving strain values every 66 μs. If the stress rises
from 0MPa to 20MPa in the inter-frame time, the maximummodulus
that can be determined is approximately 800MPa for a strain rate of
400 s−1. To capture the modulus in the small-strain region, the frame
interval should be at most half the rise time of the input force.
Modulus at 20% strain
The modulus calculated at 20% strain, E20%, is also shown in Figure
4.14. The calculated values vary between about 7MPa and 10MPa
over the range of tested strain rates. The peak modulus was observed
at a strain rate of 8 s−1 and the values decrease at a similar rate for
both higher and lower strain rates. The variance in calculated modu-
lus also increases at high strain rates for the same reasons discussed
in the small-strain modulus section.
Failure stress and strain
Stress and strain at failure are presented in Figure 4.16 as a function
of strain rate. The failure stress shows a small increase as the strain
rate increases. At 0.2 s−1 the mean failure stress was 30MPa and at
400 s−1 the mean failure stress was found to have increased to 38MPa.
The increasing failure stress can be approximated by the expression
σf = mσ log
(
ε˙
ε˙0
)
+ σf,0 (4.13)
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Figure 4.16: Semi-log plot of failure stress and strain vs strain rate and em-
pirical fits of Equations 4.13 and 4.14.
where mσ is the increase in failure stress per decade of strain rate
and σf,0 is the failure stress at a reference strain rate ε˙0. These con-
stants were determined using nonlinear regression and were found
to be mσ = 2.58± 0.3MPa per decade and σf,0 = 30.6± 0.6MPa for a
reference strain rate, ε0, of 1 s
−1.
Failure strain values varied between 200% and 225%. The failure
strain was found to decrease slightly over the tested strain rate range
of 0.2 s−1 to 400 s−1. An expression similar to that for the failure stress
can be used to approximate failure strain
εf = mε log
(
ε˙
ε˙0
)
+ εf,0 (4.14)
where mε is the change in failure strain per decade of strain rate and
εf,0 is the failure strain at a reference strain rate ε˙0. These constants
were determined using nonlinear regression and where found to be
mε = −0.05± 0.02 per decade and εf,0 = 2.2± 0.04 for a reference
strain rate of 1 s−1.
Overstress
The overstress, calculated at the intersection between E0 and E20%, is
shown as a function of strain rate in Figure 4.17. The overstress can
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Figure 4.17: Log-log plot of overstress as a function of strain rate and empir-
ical fit of Equation 4.15.
be thought of as the contribution of viscosity in the small-strain re-
gion. At at a strain rate of 0.2 s−1 the observed overstress was approx-
imately 1.3MPa. At the highest strain rate of 400 s−1 the overstress
increased to 19MPa. This order of magnitude increase in overstress
is much greater than the increase in failure stress, indicating that the
effect of strain rate is more pronounced at small strains than at large
strains. An empirical cube root expression of the form
σov = ση
(
ε˙
ε˙0
)1/3
(4.15)
was fitted to the data using non-linear regression where ση = 2.58±
0.04MPa and is the overstress at a reference strain rate ε˙0 of 1 s
−1.
This empirical fit is shown on Figure 4.17. The observed data re-
mains within 20% of this empirical fit except for one value recorded
at 0.2 s−1 and both values recorded at a strain rate of 8 s−1.
True stress
At high levels of strain the engineering stress is not an accurate meas-
ure of stress in the material due to changes in cross-sectional area.
Many hyperelastic constitutive material models describe the material
response in terms of true stress and the stretch ratio. As no necking
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Figure 4.18: Summary of true stress vs stretch ratio at different strain rates.
was observed, the true stress can be found from engineering stress by
assuming that there is no change in volume of the deformed mater-
ial. Under the condition of constant volume an increase in length of
stretch ratio λ will result in a reduction in cross sectional area of 1/λ.
The true stress, σt, is therefore equal to the engineering stress mul-
tiplied by the stretch ratio . Figure 4.18 shows true-stress vs stretch
ratio curves at strain rates between 0.2 s−1 and 400 s−1.
4.4 discussion
Small-strain behaviour and temperature effects
The small-strain behaviour of PVB is of interest in the initial un-
cracked phase of the response of laminated glass to blast loading.
In an uncracked laminate the maximum strain in the PVB interlayer
is limited to below the failure strain of the glass plies. The strain to
failure of the glass plies is approximately 0.1% if a failure strength
of 80MPa and an elastic modulus of 72GPa [69] are assumed. The
PVB interlayer is not likely to experience strain of this magnitude in
the uncracked response phase because the predominant mode of de-
formation is bending. Under such conditions the PVB interlayer lies
on the neutral axis where its main function is to transfer horizontal
shear force and maintain the separation distance between the glass
plies.
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The amount of horizontal shear force that is transferred will de-
pend on the shear modulus and therefore strain rate and temperat-
ure. At high deformation rates, or low temperatures, the PVB will be
able transfer a significant amount of shear force between the glass
plies and the laminated pane will have a bending stiffness of similar
magnitude to an equivalent monolithic pane of the same overall thick-
ness. At slow deformation rates, or high temperatures, the PVB will
not transfer a significant amount of shear stress and its only func-
tion will be to separate the glass plies. Under these conditions the
laminate will behave as two independent glass layers with twice the
stiffness of one ply on its own. These two extremes were first invest-
igated by Norville et al. [26]. The generalized Maxwell viscoelastic
material model calibrated here allows the effect of time and temper-
ature to be taken into account when considering the shear transfer
across the PVB interlayer.
Figure 4.19 compares the data acquired in this chapter for a Solu-
tia Saflex PVB interlayer against data published by van Duser et al.
[32] on a DuPont Butacite PVB interlayer. The two curves share a sim-
ilar shape and the moduli in the glassy and rubbery region are of
the same orders of magnitude. However, the Butacite curve is shifted
by almost two decades towards longer time scales. Comparing the
storage modulus vs temperature curves of the two materials shows
that Butacite’s glass transition temperature Tg is approximately 5
◦C
to 10◦C higher than that of Saflex. Referring to the shift factors in
Figure 4.10 shows that a difference of 5◦C to 10◦C corresponds to a
shift of one to two decades in time and therefore accounts for the ob-
served shift. The variation of Tg between PVB manufactures needs to
be considered when analysing the blast response of laminated glass
because the transition region lies within the expected operating tem-
perature range. A higher Tg will lead to a stiffer interlayer which may
be of benefit to an uncracked laminated pane. However, it may be det-
rimental in a cracked pane of laminated glass as it may lead to brittle
behaviour and premature failure of the interlayer. The behaviour of
cracked laminated glass is investigated in Chapter 5.
The small-strain modulus E0 can be compared qualitatively with
the tensile storage modulus E′ using the relation between frequency
and strain rate given in Equation 4.10. The small-strain modulus
varied between 28MPa and 300MPa over an equivalent angular fre-
quency range of 0.32 rad/s to 32 rad/s. The frequency range to produce
the same tensile storage modulus values was between approximately
10 rad/s and 1000 rad/s. Although these values are over 10 times larger
than the equivalent angular frequencies, the gradient of the storage
modulus curve in the transition region matches that of the empir-
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Figure 4.19: Comparison of shear relaxation curves between Butacite and
Saflex PVB at 20◦C.
ical fit used to describe the small-strain modulus. The tensile storage
modulus E′ was reduced to a reference temperature of 20◦C whereas
the small-strain modulus was measured at a temperature between
20◦C to 30◦C. The difference in frequency is of the same direction
and magnitude as though the small-strain modulus were measured
at a temperature between 25◦C to 30◦C.
Low strain rate large-strain behaviour
At a strain rate 0.2 s−1 the small-strain modulus E0 approaches the
same value as the modulus at 20% strain, E20%. The stress-strain
curve at this strain rate is of similar form to that of a hyperelastic
material. Common constitutive models for hyperelastic behaviour in-
clude the Gent [70], Arruda-Boyce [71] and van der Waals models [72].
These models have been used by Muralidhar et al. [38] to consider the
bridging behaviour in cracked laminates. Figure 4.20 compares a non-
linear regression fit of the three models against the experimental data
at 0.2 s−1. All three models show good agreement with the experi-
mental data at this strain rate. The Gent and Arruda-Boyce curves are
almost indistinguishable over this range. Whilst these models show
good agreement at this strain rate they do not take into account the
time dependent component of the material response. They are unable
to capture the high initial modulus observed at higher strain rates.
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Figure 4.20: Comparison of hyperelastic material models with an experi-
ment at a strain rate of 0.2 s−1.
Even at a strain rate of 0.2 s−1 hysteresis and stress relaxation effects
will be ignored by these models. Modelling the large-strain behaviour
of PVB with a hyperelastic model is therefore of limited value.
Time dependent large-strain behaviour
The nonlinear viscoelastic behaviour of some elastomers and poly-
mers can be captured by assuming that the stress can be represented
by a separable equation of the form
σ(λ, t) = f (λ)g(t) (4.16)
where f (λ) and g(t) are stretch and time dependent functions re-
spectively. The function f (λ) is usually represented by a hyperelastic
material model and g(t) is defined using a Prony series of the form
g(t) = g∞ +
N
∑
i=1
gie
−t/τi (4.17)
where g∞ and gi are dimensionless constants and τi are relaxation
times. This form of representing nonlinear viscoelastic behaviour is
commonly employed in finite element packages such as Abaqus [72].
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For Equation 4.16 to be applicable to a material the stretch and time
dependent components of the material response need to be separable.
Smith [73] devised a simple method for determining whether this is
the case for materials loaded at constant strain rates. He suggested
that if stress vs time curves are plotted on logarithmic axes for differ-
ent strain rate tests, lines of constant strain would be parallel if the
material can be represented by Equation 4.16.
Figure 4.21 shows lines of constant strain overlaid on stress vs time
curves for five samples tested at strain rates from 0.2 s−1 to 400 s−1.
It can clearly be seen that the lines of constant strain are not parallel
at engineering strains below 1.2 and therefore Equation 4.16 cannot
be used to represent the nonlinear viscoelastic behaviour of PVB over
this range. At low strains the constant strain line has a steeper gradi-
ent than that at high strains. This indicates that effect of time is more
pronounced at low strains than at high strains.
Recent constitutive models proposed by Hoo Fatt and Ouyang [74,
75] have attempted to describe the large-strain behaviour of Styrene
Butadiene Rubber (SBR) at high strain rates. SBR, like PVB, shows
an initially high modulus at small strains for high strain rates and
a lower modulus at large strains. Their model consists of a low stiff-
ness hyperelastic spring in parallel with a high initial stiffness hyper-
elastic spring and a nonlinear damper. At low strain rates the beha-
viour tends towards that of the low stiffness hyperelastic spring. At
high strain rate the behaviour tends towards that of the combined
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Figure 4.21: Log-log plot of stress vs time for different levels of strain.
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stiffness of both springs. The assumed hyperelastic function was em-
pirical and was chosen to provide a smooth fit to the observed SBR
data. The viscosity function was also an empirical relation that was
dependent on the strain and strain rate, rather than being based on
the underlying structure of the material. It was found that the hyper-
elastic function was capable of describing PVB stress-strain response
at low strain rates. However, it was unable to capture the high ini-
tial modulus seen in the high strain rate tests accurately. Calibration
of the model was also complex, requiring four constants to describe
the behaviour of both hyperelastic springs and seven constants to de-
scribe the damping function.
The lack of a constitutive model that completely describes the be-
haviour of PVB at all strains and strain rates means that it is not pos-
sible to model the behaviour of cracked laminated glass on the level
of individual cracks. This does not mean that a model of the global
behaviour of cracked laminated glass cannot be developed. An exper-
imental investigation of the behaviour of cracked laminated glass is
detailed in Chapter 5.
4.5 conclusions
This chapter described experimental investigations into the behaviour
of PVB in dynamic loading situations. The small-strain viscoelastic be-
haviour has been measured using DMA. It was found that the PVB
tested had a glassy tensile modulus of the order of 1GPa and a rub-
bery modulus of the order of 1MPa. The PVB showed a transition
between the two moduli over a temperature range of 5◦C to 40◦C.
A generalized Maxwell model was found to provide an accurate de-
scription of the shear relaxation modulus at time scales ranging from
10−8 s to 103 s for small strains.
Differences in glass transition temperature in PVB produced by
different manufacturers were identified. Butacite PVB produced by
DuPont had a glass transition temperature approximately 5◦C to 10◦C
higher than that of Saflex PVB produced by Solutia. A temperature
shift of ±5◦C about a reference temperature of 20◦C was found to be
equivalent to a decade shift in frequency. A low operating temperat-
ure would therefore result in a stiffer interlayer, possibly leading to
brittle behaviour at high strain rates.
The large-strain tensile behaviour of PVB was investigated using a
high-speed servo-hydraulic testing machine. It was found that the en-
gineering stress at failure varied from 30MPa at a strain rate of 0.2 s−1
to 38MPa at 400 s−1. These correspond to a true stress at failure of
95MPa and 120MPa respectively due a reduction in cross sectional
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area. The strain to failure was found to vary between 225% and 200%,
showing a slight reduction over the same strain rate range. Small-
strain modulus was also determined from the large-strain tensile tests.
Moduli between the DMA and large-strain tests were qualitatively
similar, tending towards a tensile modulus of 1GPa at short time
scales. Differences in test temperature made drawing a direct quant-
itative comparison difficult.
The overstress in the large-strain tensile test was found to vary
between 1.3MPa and 19MPa over a strain rates range of 0.2 s−1 to
400 s−1. After the initial sharp increase in stress at small strains the
curves at all strain rates showed the same general form, similar to
that of a hyperelastic material. The influence of time effects on the
stress were found to be larger at small strains. No current model
completely captures the large-strain viscoelastic behaviour of PVB.
Without such a model of the PVB response, a physically based model
of the behaviour of cracked laminated glass cannot be formed. This
does not mean that an empirical model of the global behaviour of
cracked laminated glass cannot be developed.
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MECHANICAL BEHAVIOUR OF CRACKED
LAMINATED GLASS
5.1 introduction
Laminated glass offers significant resistance to blast loading after the
glass plies have fractured. This chapter details an experimental in-
vestigation in to the response of cracked laminated glass in tension
over a range of strain rates. In cracked laminated glass, tension is car-
ried between glass fragments by bridging ligaments formed by the
PVB interlayer, as shown in Figure 5.1. Under tension T, the PVB
delaminates from the glass about the fragment edges and the result-
ing strain in the PVB ligament depends on both applied displacement
and delaminated length. Also, as discussed in Chapter 4, PVB is vis-
coelastic and its behaviour varies with the rate at which it is extended.
The aim of this part of the investigation was to determine the effect
of interlayer thickness, crack pattern and strain rate on the stiffness
and failure of cracked laminated glass under tensile loading.
5.2 methods
The behaviour of cracked laminated glass under simulated blast load-
ing conditions was investigated. Cracked laminated glass samples
were prepared as to simulate the condition of the laminate as ob-
Figure 5.1: Edge-on view of cracked laminated glass under tension.
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served in the blast tests. These were loaded in tension to investigate
the combined response of the PVB and glass laminate. Testing was
conducted at displacement rates between 0.01m/s and 10m/s using
a high-rate servo-hydraulic tensile test machine. The interlayer ma-
terial tested was Saflex PVB produced by Solutia Inc. with product
numbers RB-11, RB-41 and RB-71 corresponding to thicknesses of
0.38mm, 0.76mm and 1.52mm respectively. A 2.28mm thick inter-
layer was also made by laminating together a 0.76mm and a 1.52mm
interlayer. There was no difference in interlayer formulation between
these products, the sole difference being in interlayer thickness. There-
fore the material response of the PVB alone should be the same as
that detailed in Chapter 4. However, the thickness of the interlayer
may have an effect on the behaviour of the cracked laminated glass.
As such, cracked laminated glass with these interlayer thicknesses
were tested as they are commonly used in commercially manufac-
tured laminated glass [58].
5.2.1 Cracked laminate specimens
It was shown in Chapter 3 that blast loading of laminated glass in-
duces a crack pattern of varying density in the glass plies. Therefore
to simulate the effects of blast, it was necessary to crack the glass plies
in the laminated glass specimens prior to testing. Cracked glass spe-
cimens were prepared from sheet laminated glass manufactured by
Romag Ltd. Four laminated glass layups were tested, each with two
3mm plies of annealed glass and a single PVB interlayer of either
0.38mm, 0.76mm, 1.52mm or 2.28mm in thickness.
Specimens of nominal dimensions 150mm× 60mm were cut from
each laminated glass sheet using a water jet cutting machine. The
cut edges were then ground with an India stone by hand to reduce
edge defects. The ends of the specimens were then sandblasted to
provide a key for bonding end tabs on to the sample. The main test
section of the sample was covered with polythene sheet to prevent
scratches on the glass surface during sandblasting. After sandblast-
ing, the samples were cleaned with acetone before bonding the end
tabs on to the sample. The end tabs were manufactured from 2mm
thick aluminium sheet and were also sandblasted to increase adhe-
sion. The end tabs were bonded with a toughened methacrylate ad-
hesive (Araldite 2021 manufactured by Huntsman Advanced Materi-
als) which provided good adhesion to the glass and impact resistance.
A specially designed curing jig was built to ensure accurate alignment
of the end tabs and glass specimen, reducing any load eccentricity
when the samples were tested.
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Before the samples were tested the glass plies were fractured to sim-
ulate the condition of the laminated glass observed in the blast tests.
A schematic of a cracked laminated glass sample is shown in Figure
5.2. Evenly spaced cracks were made in the glass plies using a spe-
cially designed jig, allowing the effect of glass fragment size on the
response of the cracked laminate to be investigated. The jig consisted
of a row of individually sprung glass cutting wheels which passed
over the glass surface to create evenly spaced score lines. Dowel pins
were used to locate the sample in the jig and ensure accurate align-
ment of the score lines between the two sides of the glass sample.
Cracks were induced along the score lines by gently tapping over
the score lines with a 4 oz. ball hammer. Tapping over the score line
would only propagate the crack on the opposite glass ply (not the
impacted ply), so the tapping processes was repeated on both sides
of the glass. Glass cutting oil was used to lubricate the scoring wheels
to ensure that induced cracks reliably followed the score lines.
Three different crack arrangements were made using this method;
a single crack aligned in both plies (termed S), 10mm spaced cracks
Figure 5.2: Cracked glass sample.
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(termed 10) and 20mm spaced cracks (termed 20). Randomly cracked
samples (termed R) were also produced, without scoring the glass sur-
faces, by hitting the samples with a heavier ball hammer until an even
and dense crack pattern was produced. The fragment size in the ran-
domly cracked samples was approximately 5mm. The test samples
were connected to the test machine through lightweight aluminium
adaptors and dowel pins. A total of 108 cracked glass samples were
tested and a test matrix of the crack spacings, PVB thicknesses and
testing rates is given in Table 5.1.
5.2.2 Test equipment
The cracked laminated glass samples were loaded in tension at con-
stant rates of extension using a high-speed servo-hydraulic test ma-
chine. The same test equipment and data acquisition hardware as that
described in Section 4.2.2 were used, with the only difference being
the grips used to connect to the sample end tabs. The experimental
arrangement with an evenly spaced cracked laminate is shown in Fig-
ure 5.3.
Table 5.1: Test matrix of crack spacings tested at each rate and PVB thickness.
Rate PVB thickness (mm)
(m/s) 0.38 0.76 1.52 2.28
0.01 S, R, 10, 20 S, R, 10, 20 S, R, 10, 20 S, R, 10, 20
0.1 S, S, R, 10, 20 S, S, R, 10, 20 S, S, R, 10, 20 S, S, R, 10, 20
0.32 S, R, 10, 20 S, R, 10, 20 S, R, 10, 20 S, R, 10, 20
1 S, S, R, 10, 20 S, S, R, 10, 20 S, S, R, 10, 20 S, S, R, 10, 20
3.2 S, R, 10, 20 S, R, 10, 20 S, R, 10, 20 S, R, 10, 20
10 S, S, R, 10, 20 S, S, R, 10, 20 S, S, R, 10, 20 S, S, R, 10, 20
* S = Single crack, R = Random crack pattern, 10 = 10mm and 20 = 20mm crack spacing
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Figure 5.3: Cracked laminated glass tension test setup (sample with 20mm
spaced cracks).
117
5.2 methods
5.2.3 High-speed photoelasticity
PVB and glass are both optically birefringent when placed under
stress and this phenomenon has been used here to identify the area
of delamination between the glass and PVB interface. When the lam-
inated glass is viewed through polarizing filters a clear boundary is
visible between the areas of delaminated PVB and areas where the
PVB is still adhered to the glass plies. This boundary is the position
of the delamination front and has been used to measure the strain in
the PVB bridging ligament in samples with a single aligned crack.
Birefringence
A birefringent material has a refractive index which is dependent on
the polarization direction. That is to say light will travel through the
material at different velocities depending on the direction of polariz-
ation.
Linearly polarized light has an electric field that oscillates in one
direction only. The direction of oscillation lies in a plane perpendic-
ular to the direction in which the light propagates and can be de-
scribed by in-phase orthogonal electric field components Ex and Ey
that lie on that plane. If light enters a birefringent material with a
direction of polarization aligned at 45◦ to the principal direction of
birefringence then the polarized components Ex and Ey will travel
at different velocities through the material. This creates a phase shift
between the Ex and Ey components, resulting in elliptically polarized
light. Linear and circular polarization are two special cases of ellipt-
ical polarization. If the phase shift is equal to one or three quarters
of the cycle then the light will emerge circularly polarized, with dif-
ferent directions of rotation. A whole cycle phase shift will result in
linear polarized light in the same direction as the original direction of
polarization. If the phase shift is a half cycle then the light will emerge
linearly polarized, at 90◦ to the original direction of polarization.
The shift in phase angle is dependent on the wavelength of light,
thickness of the material and the magnitude of birefringence. The bi-
refringence magnitude is defined by the difference in refractive index,
∆n, and is proportional to the difference between the two principal
stresses ∆σ,
∆n = C∆σ (5.1)
where C is the stress-optical coefficient for the birefringent mater-
ial [76]. The difference in refractive index brings about a shift in the
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relative timing of each wave, termed relative retardation, and is equal
to d∆n where d is the thickness of the material. The resulting shift in
phase angle, α, is related to wavelength λ by
α =
d∆n
λ
2pi (5.2)
If a linear polarizing filter is placed after the birefringent material
and is aligned perpendicular to the original direction of polarization,
only light with a half cycle phase shift will pass through the filter.
For a white light source a half cycle phase shift will occur at only
one wavelength, resulting in a changing colour of light as the stress
and thickness of the material change. Although this method can be
used to calculate the stress in the material, once the stress-optical
coefficient has been determined, the calculation was not performed
here. Instead, the phenomenon of stress-induced birefringence was
used to clearly show the area of PVB which had delaminated from
the glass in a cracked laminated glass specimen.
Photoelasticity setup
A plane polariscope configuration was used to view the cracked lam-
inated glass sample during testing. The general configuration is shown
in Figure 5.4. White light from a halogen lamp was passed through a
diffuser to produce an even light intensity over the sample area. The
diffused light then passed through a linear polarizing filter which
was aligned so that its pass axis was at 45◦ to the direction of loading.
This angle was found to give a clearly defined line at the delamina-
tion front. The polarized light then entered the sample where a phase
difference was introduced between the 0◦ and 90◦ components of the
polarized light due to birefringence. A second linear polarizing fil-
ter was aligned so that its pass axis was at 90◦ to the first polariz-
ing filter’s pass axis. The only light to pass through the second filter
was light that had gone through a half cycle phase shift. A colour
high-speed camera (FASTCAM SA1, manufactured by Photron) was
positioned after the second polarizing filter to record loading of the
sample.
PVB that has delaminated from the glass is under much higher
stress than that in areas where it is still adhered to the glass. The bi-
refringence magnitude in delaminated areas is therefore much higher
than that in areas where the PVB remains adhered to the glass. This
sharp change in birefringence magnitude creates a clearly defined
line at the delamination front. The progression of this front was meas-
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Figure 5.4: Photoelasticity setup with single crack specimen.
ured over time using image analysis techniques discussed in Section
4.2.3.
Determination of strain
Four edges were tracked in the cracked laminated glass tests, the two
glass fragment edges and the two PVB delamination fronts. Figure
5.5 shows a sample viewed through the plane polariscope where the
tracking points are shown by green dots. The definitions used to cal-
culate the strain in the PVB ligament are shown in Figure 5.6. The
overall change in length, ∆l, is defined by the distance between the
two glass fragement edges. The total current length of the ligament
is defined as l and the distance through which each delamination
front has propagated is ld/2. The effective original length of PVB that
is now under strain is equal to ld. The nominal engineering strain in
the ligament can be defined as the change in length ∆l divided by the
original unstrained length of PVB ld. The engineering strain in the
ligament is termed nominal because the strain may not be uniform
across the length due to stress relaxtion effects. The moving delamin-
ation front causes the original length of PVB to increase with time
and the strain rate to decrease with time, even though the extension
is applied at a constant rate.
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Figure 5.5: Single crack sample viewed through plane polariscope.
Figure 5.6: Delamination around cracks in the glass layers.
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5.2.4 Data analysis
An example force-time trace for a tension test on cracked laminated
glass is shown in Figure 5.7 to illustrate the variables measured in
testing. The general form of this trace was broadly the same for all
tests. The values of force, F, were divided by the measured sample
width, b, to obtain the force per unit width of laminated glass. The
maximum force, Fmax/b, test start time, ts, and test end time, te, were
then extracted from the force-time trace. A threshold at 1% of the
maximum force was used to determine test start and end time. Ac-
tuator position at the test start, xs, and the test end, xe, were then
calculated at the corresponding times.
It can be seen in Figure 5.7 that after the initial peak the force drops
to a plateau level which is maintained until the sample fails. The
plateau force, Fp/b, was calculated by taking the mean force between
time ts + 0.4(te − ts) and ts + 0.8(te − ts). These times were chosen
to exclude transient forces at the start and end of the test and were
determined by trial and error. Failures of some samples were not as
sudden as that shown in Figure 5.7 and were observed to start tearing
before the 1% maximum force threshold was reached. In these cases
a second criteria used to define failure time, tf, was the time when
the force dropped below 70% of the plateau force. The corresponding
actuator position, xf, was also calculated at this time.
A nominal engineering stress σ was calculated by dividing the re-
corded force per unit sample width by the initial interlayer thickness.
For samples with multiple cracks the nominal engineering strain was
calculated by dividing the extension by an initial sample length of
100mm. The stress and strain have been termed nominal because the
actual stress and strain in the interlayer varies depending on whether
or not it has debonded from the glass fragments.
Actuator displacement and force data were processed through a
Savitzky-Golay [77] finite impulse response (FIR) filter to reduce high
frequency noise. The filter output was compared against the original
data to ensure the peak values had not been smoothed out. The actu-
ator velocity was calculated from the position data using the central
finite difference method and averaging the result between the test
start and end time. The energy absorbed in the test was calculated by
integrating under the force-displacement curve using the cumulative
trapezoidal method of numerical integration.
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Figure 5.7: Example force-time trace obtained from a 0.76mm thick inter-
layer and 10mm spaced cracks tested in tension at 1m/s.
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The general deformation process for cracked laminated glass is shown
in Figure 5.8. The figure shows a sample with a 1.52mm PVB inter-
layer and a 10mm even crack spacing extending at 3.16m/s. A polar-
iscope was used to highlight areas of delamination in the laminate.
At 0.55ms the loading begins and the glass fragments and cracks
in the glass plies can be clearly seen. The PVB interlayer forms liga-
ments which bridge the gaps between adjacent glass fragments. As
the glass extends the PVB debonds from the glass fragments around
the cracks and the bridging ligaments increase in length. The debon-
ded areas can be seen in the image captured at 4.26ms as the darker
areas around the cracks. The areas where the PVB remains bonded to
the glass are the lighter, coloured regions in the middle of each frag-
ment. This debonding process continues until no glass is left bonded
to the PVB and the sample eventually fails when the PVB reaches
its failure strain. Other samples showed similar behaviour but the
amount of debonding before failure was dependent on extension rate,
crack spacing and interlayer thickness.
5.3.1 Stress-strain response
Example figures of the cracked laminated glass stress-strain response
are given in this section to illustrate the most important observations.
A full set of stress-strain plots for all extension rates, interlayer thick-
Figure 5.8: Evenly cracked laminated glass specimen seen through a polari-
scope as it extends.
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nesses and crack spacings can be found in Appendix B.
Evenly cracked specimens
The nominal stress-strain response of cracked laminated glass with an
even crack spacing of 10mm at different extension rates is shown in
Figure 5.9 for a 0.76mm PVB thickness and Figure 5.10 for a 1.52mm
PVB thickness. The nominal stress shown was calculated by dividing
the recorded force by the initial cross-sectional area of the PVB inter-
layer in the cracked laminate, the thickness of the glass plies being
ignored.
The figure shows a steep initial rise in stress followed by a plateau
of relatively constant stress until the PVB interlayer tears. The initial
rise in stress was approximately linear, its gradient depending on the
rate of extension. At a strain of approximately 2% to 3% the plateau
stress was reached and the subsequent deformation was controlled
by the delamination between the interlayer and glass fragments. The
observed plateau stress was dominated by the rate of extension. At
slow extension rates (0.01m/s) the plateau stress was found to be in
the region of 5MPa to 10MPa. At high extension rates (10m/s) the
plateau stress increased to the order of 25MPa.
For the 0.76mm thick interlayer, the nominal strain to failure was
also affected by extension rate. At an extension rate of 0.01m/s the
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Figure 5.9: Stress-strain response of 10mm spaced 0.76mm thick PVB
cracked laminated glass at different extension rates.
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Figure 5.10: Stress-strain response of 10mm spaced 1.52mm thick PVB
cracked laminated glass at different extension rates.
nominal strain to failure was of the order of 200%. This reduced
down 20% at an extension rate of 10m/s. The 1.52mm thick inter-
layer showed a consistent nominal failure strain of the order of 150%
and was unaffected by extension rate. The 0.38mm thick interlayer
showed similar behaviour to the 0.76mm thick interlayer, with nom-
inal failure strain reducing to 10% at an extension rate of 10m/s. The
nominal failure strain of the 2.28mm thick interlayer was the same as
the 1.52mm thick interlayer at approximately 150%.
At slow extension rates with the 0.76mm interlayer the stress-strain
traces show a small (10% to 30%) rise in stress when the nominal
strain reaches 100% to 150%. At lower levels of nominal strain the
stress in the PVB ligaments is limited by the debonding between the
PVB and glass. The stress in the PVB ligament maintains the level
required to progress delamination front and strain in the ligament
remains constant due to the increase in delaminated length. Once the
PVB has completely delaminated from the glass fragments the PVB
ligaments join up. Any further extension causes the strain in the PVB
to increase and the stress to rise.
At high extension rates significant oscillations can be seen in the
recorded stress. The period of these oscillations matched the natural
period of the load-cell and grips, indicating that they result from lim-
itations in the experimental arrangement and are not a characteristic
of the cracked glass response.
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Randomly cracked specimens
The nominal stress-strain response of randomly cracked laminated
glass at different extension rates is shown in Figure 5.11 for a 0.76mm
PVB thickness and Figure 5.12 for a 1.52mm PVB thickness. The
curves are of similar form to those for evenly cracked samples, show-
ing a steep initial rise in stress followed by a steady state region. The
transition between the initial rise and the plateau region was found
to be more gradual than that for evenly cracked samples. However,
nominal strain to failure for the thinner interlayers was reduced when
compared to the evenly cracked samples. This was likely to be a res-
ult of the irregular crack pattern causing areas of stress concentra-
tion where tears in the PVB interlayer could initiate and propagate
through the sample.
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Figure 5.11: Stress-strain response of randomly cracked laminated glass at
different extension rates for a 0.76mm thick PVB interlayer.
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Figure 5.12: Stress-strain response of randomly cracked laminated glass at
different extension rates for a 1.52mm thick PVB interlayer.
5.3.2 Initial modulus
The initial modulus E of each cracked laminated glass sample was
calculated using linear regression to fit a straight line to the initial
steep rise in stress. Figures 5.13 to 5.15 show the calculated modu-
lus values as a function of strain rate. The logarithm of modulus was
found to be approximately proportional to the logarithm of strain
rate for strain rates below 10 s−1. At higher strain rates the modulus
values deviated from the trend, peaking at a strain rate of 31.6 s−1 for
the 10mm crack spacing and randomly crack samples. The modulus
values at high rates are unlikely to be reliable due to waves propagat-
ing in the sample and inertia of the grips and load-cell. These effects
were discussed previously in Section 4.3.2.
Higher modulus values were consistently found for thinner inter-
layers. Higher modulus values were also found for less densely
cracked samples, with the 20mm crack spacing samples showing the
highest values and the randomly cracked samples showing the lowest
values. With the densely cracked samples there are more PVB bridges
in the sample. This increases the compliance of the sample and hence
a reduction in modulus is seen.
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Figure 5.13: Initial modulus vs nominal strain rate for 10mm cracked spa-
cing with different thickness interlayers.
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Figure 5.14: Initial modulus vs nominal strain rate for 20mm cracked spa-
cing with different thickness interlayers.
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Figure 5.15: Initial modulus vs nominal strain rate for randomly cracked
glass with different thickness interlayers.
5.3.3 Effects on plateau stress
The plateau stresses σp extracted from each stress-strain curve are
plotted in Figures 5.16 to 5.18 against nominal strain rate ε˙ for the
four interlayer thicknesses. For a given interlayer thickness the plat-
eau stress shows an approximately proportional relation to the logar-
ithm of strain rate. This can be represented using a power law equa-
tion of the form
σp = mp log
(
ε˙
ε˙0
)
+ σp,0 (5.3)
where σp,0 is the plateau stress at a reference strain rate ε˙0 of 1 s
−1,
mp is the change in plateau stress per decade of strain rate.
Table 5.2 shows the values and standard errors obtained by fitting
Equation 5.3 to the experimental data using non-linear regression.
The results show that there is no significant difference in plateau
stress between the 10mm and 20mm evenly cracked samples. Both
mp and σp,0 are marginally lower for randomly cracked samples, but
they are still within one standard error of the evenly cracked samples.
Thinner interlayers show a higher plateau stress for a given strain rate.
Greater deviation from the plateau stress power law was also seen in
the thinner interlayers resulting in the higher relative standard errors
in Table 5.2.
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Figure 5.16: Plateau stress vs nominal strain rate for 10mm crack spacing
with different thickness interlayers.
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Figure 5.17: Plateau stress vs nominal strain rate for 20mm crack spacing
with different thickness interlayers.
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Figure 5.18: Plateau stress vs nominal strain rate for randomly cracked glass
with different thickness interlayers.
Table 5.2: Fit parameters and standard errors for plateau stress power law.
mP (MPa/decade) σp,0 (MPa)
Crack spacing (mm)
PVB thickness
(mm)
10 20 Random 10 20 Random
0.38 6.7±1.0 5.5±1.4 4.9±0.7 17.0±1.2 16.4±1.6 14.3±0.8
0.76 5.8±0.7 6.4±0.5 4.8±0.7 14.6±0.8 14.4±0.6 13.6±0.9
1.52 5.4±0.3 5.3±0.3 4.9±0.3 11.8±0.3 11.4±0.4 11.0±0.3
2.28 5.0±0.2 4.9±0.2 4.5±0.2 11.3±0.3 11.1±0.3 11.2±0.2
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5.3.4 Effects on peak stress
Figures 5.19 to 5.21 show the peak stress recorded in each test for the
different crack spacings, PVB thicknesses and strain rates. The peak
stresses show a similar trend to the plateau stress, increasing with
the logarithm of strain rate for strain rates between 0.1 s−1 and 10 s−1.
In this range the peak stress was approximately 0% to 30% above
the plateau stress for the 10mm evenly cracked samples, 10% to 40%
above the plateau stress for the 20mm evenly cracked samples and
0% to 20% above the plateau stress for the randomly cracked samples.
At strain rates above 10 s−1 the peak recorded stress deviated from
the trend and was up to 4 times larger than the plateau stress for
the evenly cracked samples and up to 2.5 times for the randomly
cracked samples. This deviation is likely to be a limitation of the ex-
perimental method and not a feature of the behaviour of cracked
laminated glass. At high extension rates the load-cell and connecting
components can acquire sufficient momentum to cause an overshoot
in the force measurements. This also causes oscillations in the recor-
ded stress as observed in Section 5.3.1.
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Figure 5.19: Peak stress vs nominal strain rate for 10mm cracked spacing
with different thickness interlayers.
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Figure 5.20: Peak stress vs nominal strain rate for 20mm cracked spacing
with different thickness interlayers.
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Figure 5.21: Peak stress vs nominal strain rate for randomly cracked glass
with different thickness interlayers.
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5.3.5 Effects on strain to failure
Nominal strain to failure for all evenly and randomly cracked samples
are presented in Figures 5.22 to 5.24. The figures show that for the
1.52mm and 2.28mm interlayers the failure strain was largely unaf-
fected by strain rate, with strain to failure values in the region of 150%.
The two thinner interlayers show a decrease in strain to failure with
increasing strain rate. At strain rates of 10 s−1 and above the strain
to failure for the 0.38mm interlayer reduces to approximately 10%.
Strain to failure for the thin interlayers was also affected by the crack
spacing. For the 20mm crack spacing the strains to failure observed
were consistently smaller than those for a 10mm crack spacing. The
reason for this is that the 20mm crack spacing samples have half the
number of cracks that the 10mm crack spacing samples have. When
the bridging ligaments between the cracks reach their failure strain
the overall nominal strain is lower due to the fewer number of liga-
ments. These effects are investigated in more detail in Section 5.3.7.
The randomly cracked samples also show a reduction in failure
strain for the thin interlayers, despite the higher crack density in these
samples. The random nature of the crack patterns creates glass frag-
ments that do not line up exactly, unlike the evenly cracked samples.
This creates areas of locally high stress and strain, initiating tears in
the interlayer which propagate through the sample. In addition, the
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Figure 5.22: Failure strain vs nominal strain rate for 10mm crack spacing
with different thickness interlayers.
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Figure 5.23: Failure strain vs nominal strain rate for 20mm crack spacing
with different thickness interlayers.
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Figure 5.24: Failure strain vs nominal strain rate for randomly cracked glass
with different thickness interlayers.
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cracks in the glass are not perpendicular to the direction of applied
loading, possibly leading to significant shear stresses in the PVB liga-
ment as it bridges the glass fragments.
5.3.6 Energy absorbed
The energies to failure for each sample is compiled in Figures 5.25 to
5.27. The figures show a clear distinction between the two thin and
two thick interlayers. For the thick interlayers the energy to failure
increased continuously with strain rate. With the thin interlayers the
same trend was not observed. In the evenly cracked samples the en-
ergy absorbed by the thin interlayers reduced for strain rates above
1 s−1. Consistently low energy to failure was observed for thin inter-
layers in the randomly cracked samples at all strain rates. These res-
ults show that thin interlayers exhibit brittle type failure at even mod-
est strain rates, whereas the thick interlayers can absorb significant
energy even at the highest strain rates. Thin interlayers are therefore
not suitable for blast resistant applications.
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Figure 5.25: Energy to failure vs nominal strain rate for 10mm crack spacing
with different thickness interlayers.
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Figure 5.26: Energy to failure vs nominal strain rate for 20mm crack spacing
with different thickness interlayers.
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Figure 5.27: Energy to failure vs nominal strain rate for randomly cracked
glass with different thickness interlayers.
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5.3.7 Single crack specimens
The behaviour of the PVB bridging ligaments was investigated by
testing samples with a single overlapping crack in each glass ply. In
Figure 5.28 a polariscope was used to show a PVB ligament bridging
a crack in the glass plies as it extends. A 0.76mm interlayer was
used in the sample shown and it was extended at rate of 1m/s. In
the first frame (2.59ms) the PVB ligament is stretching as it bridges
the gap between the glass fragments and can be seen as the light re-
gion around the edges of the glass fragments. The delamination front
has propagated further into the glass fragment in the second frame
(8.15ms) and the area of PVB which has delaminated from the glass
plies can clearly be seen. In the last frame (13.7ms) a tear has initi-
ated in the PVB from near the left edge and its propagation toward
the right edge has been captured.
Strain in the PVB ligaments was calculated by using image analysis
techniques to track the position of the delamination fronts and edges
of the glass fragments, as described in Section 5.2.3. Figure 5.29 shows
the force per unit width vs extension and the ligament strain vs ex-
tension for the four thicknesses of PVB at different extension rates.
In Figure 5.29a the results of tests conducted at an extension rate of
0.01m/s are shown. The force traces show a similar form to those for
a sample with multiple cracks, with a steep initial rise up to a peak
force which is then followed by a plateau force. The force per unit
width was found to increase with increasing interlayer thickness, but
the relationship was not linear.
Strain in the PVB ligament relative to extension is also shown Fig-
ure 5.29a and is characterised by an initially steep gradient that gradu-
ally reduces to a shallow gradient as the extension increases. The
variation in gradient indicates that there is an initial high strain-rate
local to the ligament which decreases as the interlayer delaminates.
At an extension rate of 0.01m/s the initial ligament strain rates were
of the order of 2.5 s−1 for thin interlayers and 1.5 s−1 for thick interlay-
ers. This reduced to the order of 0.05 s−1 in the plateau force region
for all the interlayer thicknesses. Thicker interlayers were found to
have a ligament strain for a given extension which is approximately
Figure 5.28: PVB bridging ligament seen through a polariscope.
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0.5 lower than for thin interlayers. This is because thicker interlay-
ers carry a greater force for a given strain and are therefore able to
propagate the delamination front at lower strain levels. The strain
measurements in Figure 5.29a end at approximately 70mm due to
a loss of tracking points in the analysed images. This was a limita-
tion of the image analysis technique and not an indication of sample
failure. These samples failed after complete delamination of the PVB
interlayer along the entire sample length (including into the gripped
region). No PVB tearing was observed.
Figure 5.29b shows the results for tests conducted at 0.1m/s. These
curves are of similar form to the set at 0.01m/s but with increased
force per unit width due to the increase in extension rate. The fail-
ure mode for all samples tested at 0.1m/s was PVB tearing. Extension
to failure was much smaller for the two thinner interlayers, with the
0.38mm interlayer failing at an extension of 8mm and the 0.76mm
failing at an extension of 24mm. The two thicker interlayers did not
fail suddenly and instead began tearing slowly at extensions over
30mm. At an extension rate of 0.1m/s the initial ligament strain rates
were of the order of 25 s−1 for thin interlayers and 11 s−1 for thick in-
terlayers. The strain rate reduced to the order of 0.6 s−1 in the plateau
force region. The reasons for the premature failure of the two thin in-
terlayers can be seen by looking at the strain in the PVB ligament. For
both the 0.38mm and 0.76mm interlayers, the ligament strain rose
quickly to over 150% before failing. In the thicker interlayers the lig-
ament strain did not rise as quickly, giving a longer period of time
before tearing began at a ligament strain of approximately 100%.
The same trends were observed at higher extension rates. The liga-
ment strains in the thicker interlayers were not measured beyond an
extension of 10mm in the higher extension rate test due to additional
fracture of the glass plies, creating a multiple crack specimen. Signific-
ant oscillations also occurred in the force measurements at 10m/s due
to the momentum of the sample grips and load-cell. At 10m/s initial
ligament strain rates of the order of 4000 s−1 were observed. Force per
unit width vs extension and the ligament strain vs extension graphs
for all extension rates can be found in Appendix B. Table 5.3 summar-
ises the maximum force Fmax, maximum stress σmax, plateau force Fp
and plateau stress σp for each sample tested. It shows that although
the force per unit width increases with increasing interlayer thickness,
the stress in the ligament decreases.
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Figure 5.29: Force and strain vs extension for single crack specimens tested
at different rates of extension.
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Table 5.3: Summary of single crack test data.
Rate
(m/s)
PVB thickness
(mm)
Fmax
(kN/m)
σmax
(MPa)
Fp
(kN/m)
σp
(MPa)
0.01 0.38 3.0 7.9 2.5 6.6
0.01 0.76 5.6 7.4 4.5 5.9
0.01 1.52 8.4 5.5 6.6 4.3
0.01 2.28 12.8 5.6 10.0 4.4
0.1 0.38 11.1 29.2 8.7 22.9
0.1 0.76 18.3 24.1 14.7 19.3
0.1 1.52 25.6 16.8 20.0 13.2
0.1 2.28 36.2 15.9 28.8 12.6
1 0.38 13.3 35.0 10.8 28.4
1 0.76 22.6 29.7 19.2 25.3
1 1.52 38.0 25.0 32.3 21.3
1 2.28 54.4 23.9 44.8 19.6
10 0.38 49.0 129 - -
10 0.76 74.0 97.4 24.0 31.6
10 1.52 117 77.0 40.0 26.3
10 2.28 - - - -
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Conditions for PVB tearing
Understanding the conditions for PVB tearing in cracked laminated
glass is crucial for optimising glazing designs to resist blast loading.
The results presented in this chapter have shown that the nominal
failure strain and energy absorbed are affected by crack spacing, crack
pattern, strain rate and interlayer thickness. Interlayers of 0.38mm
and 0.76mm in thickness were found to tear in a brittle manner for
nominal strain rates in the region of 10 s−1 and above. Peak strain
rates observed in blast testing (see Chapter 3) were of the same order
of magnitude, indicating that the thin interlayers are not suitable for
blast resistant applications.
The brittle behaviour of thin interlayers can be attributed to the
localization of strain in the bridging ligaments formed by the inter-
layer between the glass fragments. Local strain in the ligament can
reach the failure strain of the PVB at relatively small global strains.
The local strain in the ligament is controlled by the delamination
of the interlayer from the glass fragments. At slow extension rates
the delamination front progresses fast enough to prevent the local
strain in the PVB ligament building up and reaching the failure strain.
At fast extension rates the delamination front progresses too slowly
when compared to the extension rate and local strain in the PVB lig-
ament quickly reaches its failure strain. In addition, local strain rates
in the PVB ligament are much higher than the global strain rate. As
shown in Chapter 4, the stiffness of PVB increases with increasing
strain rate and failure strain decreases with increasing strain rate. The
combination of these effects leads to the brittle behaviour of the thin
interlayers.
The two thick interlayers were found to be less prone to brittle
failure. This was because the delamination front progressed at a fast
enough rate to prevent the build up local strain in the PVB ligament at
all the extension rates investigated. Nominal strain to failure was ob-
served to be of the order of 150% at all rates and the energy absorbed
increased with increasing strain rate over the range tested. This does
not, however, mean that strains of this magnitude can be used for
design calculations. At high levels of strain all of the glass fragments
have completely debonded from the PVB interlayer, clearly a situation
which needs to avoided. A more useful design parameter would be
obtained by imposing a limit on the allowable delamination between
the PVB and glass fragments for thick interlayers. A nominal strain
of 20% corresponded to an approximate delaminated area of 50% for
a 1.52mm interlayer tested at a nominal strain rate of 10 s−1. A max-
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imum allowable nominal strain of 20% for this interlayer thickness
could safely be used as a failure criterion in analysis of blast loaded
laminated glass.
Thick interlayers may behave in a brittle manner under certain con-
ditions. The effect of the level of adhesion between the PVB and the
glass was not investigated here and will determine the delamination
behaviour. A higher level of adhesion will slow the propagation of
the delamination front, leading to a build up of strain in the PVB liga-
ment and failure at a low nominal strain. A low level of adhesion will
allow the delamination front to propagate faster, reducing the strain
in the PVB ligament and delaying failure. However, too little adhesion
will lead to glass fragments becoming debonded from the interlayer,
negating the primary benefit of laminated glass. An optimum level of
adhesion clearly exists and needs to be investigated. To do this, the
level of adhesion between the PVB and glass needs to be measured
accurately using methods such as a peel test. Suitable quality control
tests and procedures then need to be developed to ensure the correct
level of adhesion is achieved in the laminating process.
Temperature effects have also not been investigated here. The res-
ults presented in Chapter 4 showed that the behaviour of PVB at in-
creased temperatures is approximately equivalent to that at decreased
strain rates. A cracked laminate would therefore be more likely to be-
have in a brittle manner at low temperatures due to an increase in
stiffness and reduction in failure strain. In practice, many laminated
panes form the inner pane of a double glazing unit. It may therefore
be reasonable to assume that the temperature of the PVB interlayer is
close to that of the building interior and is unaffected by variation in
outside temperature. Since the inside temperature of modern build-
ings is regulated to within a few degrees, the temperature of the PVB
interlayer can be estimated with a good degree of certainty. Designers
should ensure that the glass transition temperature of the PVB used
is suitable for the expected operating temperature. If the PVB glass
transition temperature is too high, the PVB could behave in the brittle
manner at the actual operating temperature. For cases where only a
single pane of laminated glass is used, the designer needs to consider
the wide range of possible operating temperatures when specifying
the PVB interlayer.
Relation to deformation during a blast
When laminated glass is loaded by a blast wave it deflects, resulting
in strain energy building up in the glass plies until the stress at a de-
fect reaches a value high enough for a crack to initiate. The resulting
fracture pattern in the glass plies is largely determined by the strain
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energy distribution at the time the first crack begins to propagate. In
the case of impulsively loaded panes, as described in Chapter 3, the
crack pattern varies across the pane, with edges of the pane having a
high crack density and the centre having a lower density. The effect of
crack density on plateau stress was found to be marginal but initial
stiffness did decrease with increasing crack density. This results in
a pane that has a variable stiffness, with lower stiffness towards the
edges of the pane and a higher stiffness in the centre area.
Strain to failure was also affected by crack pattern and density for
the two thinner interlayers, with a reduced failure strain recorded for
low crack density and randomly cracked glass. A high crack dens-
ity is therefore beneficial and suggests that toughened glass, which
breaks intro small fragments upon fracture, may perform better than
annealed glass in the postcrack phase of the blast response.
Figure 5.30 shows a region of high crack density, located close to
the corners, in a pane that has been loaded by a blast wave. In the
photo it can be seen that the glass fragment edges on the two glass
plies run in different directions. This pattern is closer to that of the
randomly cracked samples tested, where the cracks were not regular
Figure 5.30: Photo of a cracked laminated pane showing difference in crack
direction between glass plies.
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and aligned between the two glass plies. Along the length of the blast
loaded pane, cracks near the edges were generally parallel to the edge
but were not aligned between the glass plies. Cracks in the centre re-
gion of the pane were further apart and were random in orientation
but tended to align between the glass plies more frequently. This sug-
gests that a crack forming on one glass ply can cause a nearby crack
on the other glass ply.
The failure strains recorded in the tests detailed in this chapter
were measured under uniaxial extension. As the test samples were
extended there was a corresponding reduction in width and thick-
ness of the PVB interlayer. In a full deforming window pane there is
likely to be some restraint on the reduction in width. In the centre re-
gion of the pane the cracked laminate is under biaxial extension due
to the restraint of all four edges. However, strain observed in this re-
gion during the impulsively loaded blast tests was small compared to
strain at the pane edges. The maximum principal strain at the edges
was perpendicular to the pane edge and was large when compared to
the minimum principal strain (parallel to the edge and approximately
zero). This condition also requires a biaxial stress state since a stress
must act parallel to the edge to counteract the contraction caused by
the stress acting perpendicular to the edge. This biaxial stress state
was not investigated here but it is likely to reduce the strain required
for failure when compared against the uniaxial extension test results.
Another issue not investigated here is the possibility of a sharp
glass fragment cutting into the interlayer. This will be most evident
in areas where curvature in the pane is high, such as at the edges of
the pane. This was seen in test 8 described in Chapter 3. In this test
a laminated pane of two 6mm thick glass plies and a 0.76mm PVB
interlayer was bonded into a double sided silicone joint. This secure
joint arrangement created a rigid edge around which the pane de-
formed with a small radius of curvature. The result was an interlayer
that tore around the large sharp glass fragments embedded in the
silicone joint and frame. Thin glass plies would be of benefit in these
cases since then it would be easier for them to break into smaller
pieces, relieving any sharp edges. Rigid, built-in type edges should
therefore be avoided. Where possible, the frame should allow rotation
at the joint to prevent sharp angles from forming.
Edge loading
The plateau stress values quoted in this chapter can be used to define
the maximum sustainable edge loading in the postcrack phase of the
laminated glass response. Multiplying the plateau stress by the inter-
layer thickness gives the force acting on the edge per metre of edge
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length. This can be used, together with an appropriate safety factor, to
design joints and framing systems that retain the laminated glass in a
blast. As the plateau stress is related to strain rate an estimate of the
expected strain rate must be made. In Chapter 3 the maximum strain
rates measured in the cracked laminate during blast testing were of
the order of 10 s−1. Using Equation 5.3 and the values in Table 5.2 a
plateau stress of 15.9MPa can be calculated for a 1.52mm thick inter-
layer with randomly cracked glass. This is equivalent to an edge load
of 24.2 kN/m and is within the mean edge reaction force and standard
deviation measured in the blast tests (20± 5 kN/m). Equation 5.3 can
therefore be used to define an edge reaction force for design purposes
for the four interlayer thicknesses tested. The strength of silicone glaz-
ing joint is investigated in Chapter 6. Further investigation is needed
to determine plateau stresses for other interlayer thicknesses.
5.5 conclusions
This chapter has investigated the behaviour of cracked laminated
glass under tensile loading. The effects of interlayer thickness, crack
spacing, crack pattern and extension rate were determined. Four PVB
interlayers, of thickness 0.38mm, 0.76mm, 1.52mm and 2.28mm, were
tested at nominal strain rates from 0.1 s−1 to 100 s−1. It was found that
there was a significant difference in the failure of the two thinner in-
terlayers and the two thicker interlayers. The two thicker interlayers
had a consistent nominal failure strain of the order of 150% across
the range of strain rates whereas the nominal failure strain for the
thinner interlayers decreased with increasing strain rate. At the strain
rates expected in a blast event the thin interlayers would have failed
in a brittle manner, with relatively little energy absorbed before fail-
ure. For this reason a minimum interlayer thickness of 1.52mm for
laminated glass should be specified when blast resistance is required.
The stress-strain response of cracked laminated glass under a con-
stant rate of extension was characterised by an initial, approximately
linear, rise in stress followed by a constant plateau level stress until
failure. The plateau stress was observed to increase approximately
proportionally to the logarithm of strain rate. At the lowest strain
rate of 0.1 s−1 the plateau stress was of the order 5MPa to 10MPa.
At the highest strain rate of 100 s−1 the plateau stress was of the or-
der 25MPa. A power law equation was proposed to describe plateau
stress as a function of strain rate and constants were determined for
the four interlayer thicknesses tested. The results can be used to estim-
ate the maximum force that can be applied to the window frame for a
particular interlayer thickness. This is a particularly useful parameter
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when sizing glazing joints.
The recorded plateau stress was largely unaffected by changes in
crack spacing and pattern. However, an increase in initial stiffness
was observed for increased crack spacing. This was a result of a re-
duced number of cracks, meaning that fewer PVB bridges could form,
reducing compliance in the sample. The randomly cracked samples
were the most compliant due to their high crack density. Failure strain
was also affected by the crack spacing and pattern. In the regularly
cracked samples the nominal strain to failure was found to decrease
with increasing crack spacing, indicating that a dense crack pattern,
such as that produced by toughened glass, would perform better un-
der blast loading. This was again a result of the reduced number of
cracks along the length of the sample. The randomly cracked samples
also showed a reduction in nominal failure strain. This was a result of
fragments being randomly orientated and not lining up exactly, cre-
ating areas of locally high stress and strain that initiate tears in the
interlayer. To completely capture these effects in a model of cracked
laminated glass under blast loading, a prediction of the crack pattern
in the glass plies would need to be made.
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STRENGTH OF S INGLE - S IDED S IL ICONE GLAZ ING
JO INTS
6.1 introduction
This chapter describes an experimental investigation to determine the
strength of single-sided silicone glazing joints under blast loading.
A new test method was developed to replicate the loads imposed
on the joint by the cracked laminated glass, as observed in the blast
trials detailed in Chapter 3. Glazing joints of different bite depths
were tested to failure in a high-speed servo-hydraulic test machine.
The effect of pull angle and velocity on the observed failure strength
was investigated using a specially designed test fixture. The aim of
this part of the investigation was to determine the minimum joint
dimensions required to retain a laminated glass window in a blast
event.
6.2 methods
Observations from open-air blast trials have been used to develop a
new test method to investigate the strength of silicone glazing joints
under blast loading. After fracture of the glass plies the PVB inter-
layer pulls on the joint at an angle θ with force F due to tension in the
interlayer. The resulting stresses in the joint are a complex combin-
ation of tension, compression and shear. Figure 6.1 shows a typical
deformed shape of a single-sided silicone glazing joint placed under
loading of this type. The configuration shown is common in practice
as the frame is almost always found inside the structure for aesthetic
reasons and the blast load is from an external detonation. The joint
may deflect with a negative θ if rebound of the laminate occurs or the
loading is from an internal detonation.
In a cracked pane of laminated glass the PVB interlayer is assumed
to be unable to support any bending stress and therefore acts like a
membrane. As a result the interlayer forms a sharp angle around the
edge of the glass fragment that is restrained by the silicone joint. This
creates a pivot point about which the laminated glass is free to rotate.
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Figure 6.1: Typical deformation of joint under external blast loading.
6.2.1 Specimen design and preparation
The joint specimen design consisted of a 60mm length of 50mm×
50mm aluminium alloy angle section bonded to an aluminium alloy
block with a two-part structural silicone sealant. The sealant used
in all testing was Dow Corning 993 Structural Glazing Sealant. Each
aluminium block had a steel pivot bar bolted to the top from which
the sample was pulled. The pivot allows the sample to rotate in a way
similar to the flexible interlayer in the cracked glass. The specimen
design used in this testing is shown in Figure 6.2.
The silicone bond was 50mm in length and was chosen by con-
sidering the expected maximum failure force of the joint and the ca-
pacity of the testing machine. Specimen length effects were found
to be negligible at this length by Sandberg [78, 79]. The joint bite
depth, db, was varied between 10mm and 40mm in 5mm increments
using appropriately sized aluminium blocks. The joint thickness, dt,
was controlled by setting out the joint with 6mm thick foam glaz-
ing tape adhered down each side of the joint. This tape was removed
after the joint had fully cured. The joint sizes tested were chosen to
reflect manufacturing ability and those of interest in blast resistant
design [80, 81].
The bonding surfaces were prepared by sandblasting followed by
cleaning with isopropyl alcohol. A conventional caulking gun was
filled with a two-part silicone sealant using a purpose built meter-
ing machine and static mixer nozzle. The joint was filled out with
silicone using the gun and was then tooled flush at the top and bot-
tom edges. Quality control tests, including cure time and peel tests,
were performed on each batch of silicone to ensure proper mixing
and adhesion, as recommended by the manufacturer [82]. The pre-
paration, mixing and application of the silicone sealant was carried
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Figure 6.2: Joint sample design.
out by Structural Glazing Ltd, a specialist silicone bonding company.
This was to ensure that the strengths measured were representative
of those found in professionally installed glazing units. Although the
minimum cure time for this sealant was three days, the samples were
allowed to cure for a further 30 days at room temperature before test-
ing to ensure their full mechanical properties had developed.
The aluminium block and pivot bar arrangement was used in pref-
erence to a laminated glass substrate for a number of reasons. Firstly,
to pull the joint at an angle with laminated glass, as shown in Figure
6.1, the glass plies must be broken first. This could have been achieved
by artificially reproducing crack patterns similar to those observed in
the blast tests after the joint has cured. However, the response of the
sample during a test would then be a combination of the cracked
glass response and the joint response. This method was used in pre-
liminary testing and it was found to lead to difficulty in interpreting
the results. Variability in the behaviour of the cracked glass could be
easily misinterpreted as variability in the joint behaviour, giving poor
test repeatability. Results from these preliminary tests will not be de-
tailed here for this reason. Secondly, reproducing the fine, elongated,
glass fragments observed in the blast tests was also found to be diffi-
cult to reliably achieve, possibly leading to variability in the cracked
glass response. Thirdly, the maximum bite depth that could be tested
using a method incorporating cracked glass would be limited by the
strength of the PVB interlayer. If the bite depth was large enough, the
151
6.2 methods
PVB interlayer would fail instead of the joint and little information
about the strength of the joint would be gained. Although it could
be argued that this is a good method for determining the minimum
bond length required for a particular thickness of PVB, it results in
many wasted samples unless the limiting bite depth is known in ad-
vance. The aluminium block and pivot bar arrangement allows large
bite depths to be tested to failure without changing any other parts
of the experimental setup.
A properly prepared silicone joint should fail cohesively in the bulk
silicone and not at either interface (silicone to frame or silicone to
glass) [82]. Silicone bonds well to both glass and aluminium, so the
use of an aluminium substrate instead of glass should not interfere
with the mechanisms by which the joint fails. Peel tests were per-
formed on each batch of silicone to ensure no adhesive failure was
present. The density and stiffness of aluminium closely match those
of glass. Any discrepancies caused by differences in momentum and
stiffness should therefore be minimised in the test. A 7.52mm thick
aluminium block was used to simulate a 7.52mm pane of laminated
glass, ensuring no large difference in mass was present.
6.2.2 Test fixture and method
A high-rate servo-hydraulic test machine was used to pull the joint
samples to failure. A special test fixture was manufactured to allow
the joint to be aligned at different angles to the direction of motion
of the hydraulic actuator. The experimental arrangement is shown in
Figure 6.3. The test fixture consisted of a hinged steel platform bolted
to the test machine base that could be inclined between 0◦ and 90◦.
The test sample was positioned to be in line with the actuator before
being bolted to the test fixture through slots in the adjustable plat-
form. Positive angles of pull were achieved by facing the joint down
the inclined platform (as shown in Figure 6.3). Negative angles of
pull were achieved by facing the joint towards the top of the inclined
platform and adjusting the position of the fixture on the test machine
base to be in line with the actuator.
A pivot linkage was used to connect the test sample to the test ma-
chine actuator via a lost-motion device. The lost-motion device and
data acquisition hardware used were the same as that described pre-
viously in Section 4.2.2. The only difference in this setup is that it
was necessary to mount the piezoelectric load-cell on the lost-motion
device. The use of a strain gauge load-cell was not required. Compli-
ance of the test rig was negligible compared to the deformation of
the joint and therefore extension of the joint was inferred from the
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Figure 6.3: Joint test configuration.
position of the actuator. A high-speed camera was used to record the
failure of the joint as viewed in Figure 6.3.
Four test rates were selected to cover the range of failure times ob-
served in the blast trials and to determine the effect of displacement
rate on the joint failure strength. Ten samples were tested at 0.1m/s,
14 at 1m/s, 29 at 2m/s and three at 4m/s. Angle of pull was also varied
between −30◦ and 60◦ in 30◦ increments and the joint bite depth was
varied between 10mm and 40mm in 5mm increments. Table 6.1 de-
tails the full test matrix of samples tested. The three joint dimensions
for each sample were measured prior to testing using digital callipers.
6.2.3 Data analysis
Force and displacement versus time data for each sample were re-
duced down to a set of key variables for comparison. First, both force
and displacement were processed through a finite impulse response
(FIR) filter to reduce high frequency noise. The filtered data were
checked against the original data to ensure that peak values had not
been altered in magnitude or shifted in time. The values of force,
F, were divided by the measured joint length, b, for that sample to
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Table 6.1: Test matrix of bite depths tested at each pull angle and rate.
Angle Bite depths (mm) tested at
(deg) 0.1 (m/s) 1 (m/s) 2 (m/s) 4 (m/s)
-30 - - 10,15,20,25,30 -
0 10,15,20,25,30 - 10,15,20,25,25,30 -
30 10,15,20,25,30 10,10,15,15,20,
20,25,25,30,30,
35,35,35,40
10,15,15,20,20,
25,25,30,30,35,
35,40,40
20,30,40
60 - - 10,15,20,25,30 -
obtain the force per unit length of edge bond. The maximum force
per unit length, Fmax/b, and time of maximum force, tmax, were taken
from the peak force in the filtered data. The start time, ts, and end
time, te, of the test were then extracted from the force-time trace us-
ing a threshold at 1% of the maximum force. These values are shown
on Figure 6.4 for a typical force-time trace. The actuator position at
the start of each test, at the maximum force and at the test end (xs,
xmax and xe respectively) were then calculated at the corresponding
times. These were used to derive total test time and extension, as well
as time and extension to maximum force. The energy absorbed in
the test was calculated by integrating under the force-displacement
curve using the cumulative trapezoidal method of numerical integ-
ration. The actuator velocity was calculated from the position data
using the central finite differencing method and averaging the result
between the test start and end time.
From an engineering design perspective, the most important para-
meter is the force at which the joint fails. This is so that the failure
force of the joint can be matched with the maximum force imposed
on it by the cracked laminate. However, it is still useful to define a
nominal joint strength σj for a particular angle of pull as
σj =
Fmax
bdb
(6.1)
where db is the bite depth. Providing the failure force increases lin-
early with increasing bite depth, the nominal joint strength will be
a constant for a particular angle of pull and will allow engineers to
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Figure 6.4: Parameters extracted from a typical force vs time curve for a joint
test.
estimate the failure force for any bite depth. The calculated nominal
joint strengths will depend on the angle of the applied load and may
also depend on the geometry of the joint (that is σj varies with db).
The values obtained are not material properties of the silicone sealant
and should not be interpreted as the failure stress of the sealant itself.
Mean strengths were calculated, together with the standard deviation
(SD) and standard deviation of the mean (SDOM), for each combina-
tion of test rate and angle. Further analysis of the effects of angle of
pull on the nominal joint strength is given in Section 6.3.1.
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A typical recorded curve of the pull force per unit length of joint
versus actuator displacement is shown in Figure 6.5. The joint shown
in the figure was tested at 30◦ and 2m/s and had a bite depth of
18mm. The trace shows that the force initially rose quickly as the
components between the load-cell and joint were accelerated up to
2m/s. After the initial peak the force oscillated as these components
vibrated. The vibration eventually died out at an approximate dis-
placement of 7mm to 8mm due to damping in the silicone. The force
then increased steadily until a maximum of 24.9 kN/m was reached at
22.2mm. After the peak value, tearing of the silicone through the bite
depth occurred until no load was recorded at 28.9mm.
An image sequence recorded by the high-speed camera of the test
just described is shown in Figure 6.6. The time and actuator displace-
ment are given at the bottom right of each frame. The sequence shows
that the aluminium block representing the laminated glass started
parallel to the aluminium angle before rotating as the actuator dis-
placement increased. The angle of rotation of the aluminium block
continued beyond the 30◦ angle of pull to over 60◦ before the max-
imum force was observed.
A small tear was observed at the root of the joint at a time of 5.8ms
and displacement of 12.3mm, as highlighted in Figure 6.6. The tear
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Figure 6.5: Force-displacement curve for a 18mm bite joint tested at 30◦ and
2m/s.
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Figure 6.6: Image sequence of a 18mm deep joint at a 30◦ pull and 2m/s.
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began at the lower corner of the joint, near the aluminium angle, on
the side closest to the camera. The tear propagated along the bottom
edge of the joint, away from the camera, until it reached the other
side at a time of 10.0ms and a displacement of 20.5mm. After this, the
tear propagated through the depth of the joint until it reached the top
edge. The tear was first observed at a force of approximately 15 kN/m,
just 60% of the maximum force observed in the test. The maximum
force in the test was reached just after the tear had propagated though
the length of the joint. A tear starting at the root of the joint as seen
in this example was also seen in the majority of positive angle tests.
This observation will be discussed further in Section 6.3.3.
Observed maximum forces for different bite depth joints are shown
in Figure 6.7 for a 30◦ pull at a mean test rate of 1.9m/s. The graph
shows a linear relationship over this range of bite depths. From the
line plotted, the maximum force divided by the bite depth for each
test gives a mean strength of σj = 1.5MPa. Similar graphs were ob-
tained for each pull angle and rate.
6.3.1 Joint strength
Values of the mean strength for each combination of test rate and
angle are given in Table 6.2. Also tabulated are the mean test rate
for each group and the number of samples tested, N, in each group.
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Figure 6.7: Maximum force vs bite depth at 30◦ and a mean test rate of
1.9m/s.
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Table 6.2: Summary of joint strengths.
N Angle Test rate (m/s) Strength (MPa)
(deg) Mean SD SDOM Mean SD SDOM
5 -30 1.84 0.10 0.05 2.31 0.13 0.06
5 0 0.101 2× 10−4 1× 10−4 1.47 0.17 0.08
6 0 1.88 0.13 0.05 2.12 0.14 0.06
5 30 0.100 7× 10−5 3× 10−5 1.11 0.13 0.06
14 30 1.12 0.09 0.02 1.47 0.17 0.05
13 30 1.89 0.11 0.03 1.54 0.14 0.04
3 30 3.70 0.11 0.06 1.95 0.21 0.12
5 60 1.86 0.04 0.02 1.47 0.18 0.08
The values show that the joint strength, at the same angle of pull,
increased with test rate. The joint strength was also observed to be
higher for lower angles of pull.
Effect of angle
Figure 6.8 shows the effect of pull angle at a test rate of ≈ 1.9m/s. The
horizontal error bars reflect the accuracy to which the angle of pull
was set (±1◦), the vertical error bars indicate the standard deviation
of strengths calculated for each angle. A clear difference in strength
can be seen between values greater than 0◦ and those equal to or
less than 0◦. The mean joint strength of samples tested at 0◦ was 38%
greater than those tested at 30◦. The strength between angles of 30◦
and 60◦ was largely unaffected by angle with only a 4% decrease in
strength at 60◦. At a pull of angle −30◦ the strength of the joint was
9% higher than that at 0◦. This indicates that there is a change in the
way the joint fails between angles of 0◦ and 30◦.
The force-displacement curve for a 20mm deep joint tested at a
pull angle of −30◦ and rate of 2m/s is shown in Figure 6.9. The force-
displacement trace has similar features and shape to that of a 30◦ pull
(Figure 6.5) but the joint is much stiffer at −30◦, reaching approxim-
ately twice the force at a lower extension (≈ 15mm as opposed to
≈ 22mm). Figure 6.10 shows an image sequence depicting the fail-
ure of the joint. The aluminium block remained largely parallel to
the aluminium angle throughout the test, even when the silicone was
tearing. At 5ms and a displacement of 9.4mm a tear can be seen
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Figure 6.8: Effect of pull angle on joint strength at ≈ 1.9m/s.
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Figure 6.9: Force-displacement curve for a 20mm bite joint tested at −30◦
and 1.8m/s.
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Figure 6.10: Image sequence of a 20mm deep joint at a −30◦ pull and 1.8m/s.
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at the same location as observed in the 30◦ pull. However, this tear
does not propagate through the joint. At 8.7ms and a displacement
of 15.7mm a tear can be seen in the bulk silicone, away from edges
or corners. This tear then develops until it has propagated through to
the top and bottom faces of the joint.
The difference in strength at a pull angle of 30◦ and −30◦ can be ex-
plained by considering the distribution of stress in the joint. In the 30◦
test the aluminium block does not remain parallel to the aluminium
angle and rotates as the displacement increases, putting the joint un-
der a complex state of stress. The force, F, applied at the pivot bar on
the aluminium block can be resolved in to two orthogonal forces Fx
and Fy, acting at 0
◦ and 90◦ respectively, as shown in Figure 6.11.
The Fx component must be balanced by the shear stress in the joint
and a bending moment. The bending moment arises from the con-
straint of a rigid frame and is equal to Fx multiplied by the vertical
distance between the frame and the line of Fx . The Fy component
must be balanced by the tensile or compressive stress in the joint and
a bending moment. This moment must be equal to Fy multiplied by
the horizontal distance between the centre of the silicone and the line
of Fy. The total moment reaction, M, is the sum of the two moments
created by the force components. For small deflections this is
M = F cos θ
(
dt +
dl
2
)
+ F sin θ
db
2
(6.2)
where dt is the thickness of the silicone, dl is the thickness of the
aluminium block and db is the bite depth. Equation 6.2 shows that
it is possible for the two components of the moment to cancel if the
Figure 6.11: Resolved forces and moment acting on joint.
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angle of pull satisfies
tan θ = −
2dt + dl
db
(6.3)
The angle of pull for zero bending moment is therefore negative.
This corresponds to the line of action of the force passing through
the centre of the contact area on the frame. When this occurs, tensile
stresses are evenly distributed in the joint. Figure 6.12 shows angle
of pull required to do this for different bite depths, assuming a 6mm
joint thickness and a 7.5mm thick aluminium block. The maximum
bending moment is applied when the force acts normal to this angle.
These equations are only valid if the displacements are small com-
pared to the dimensions of the joint. Extension in both the x and y dir-
ections can reach over 100% of corresponding joint dimension before
failure and the small displacement condition is clearly not satisfied
in this case. The position of the pivot bar under large displacements,
and hence magnitude of applied moments, will be a function of the
applied force components, the stiffness of the silicone in the x and y
directions and the resistance of the joint to rotation. Non-linear stiff-
ness of the bonded silicone joint in tension, compression and shear
makes calculation of the pull angle required to produce a zero mo-
ment considerably more difficult than the small displacement case.
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Figure 6.12: Angles of pull that produce an even distribution of tensile stress
in the joint.
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Even so, positive angles will still produce moments which act in the
same direction, adding together, and negative angles will produce
ones which act in opposite directions, cancelling out to some degree.
In the 30◦ test shown in Figure 6.6 the two bending moments add
together and a large rotation of the joint is seen. This results in a large
tensile stress on the bottom surface of the joint that initiates a tear. The
rotation of the joint creates a cleavage stress across the tear opening
and drives the tear towards the opposite surface. This concentration
of tensile stress on the bottom surface is the reason for the reduced
overall strength at positive angles. In the −30◦ test shown in Figure
6.10 the two bending moments oppose each other and little rotation
is seen. The stress distribution in the joint is now largely uniform and
is dominated by shear stress, causing the internal tear seen at 8.7ms.
The stress required to initiate a tear in shear is greater than that in
tension so a larger failure force is observed at negative angles.
Effect of rate
Figure 6.13 shows the effect of displacement rate at a pull angle of 30◦.
The graph shows that the strength of the joint increases with displace-
ment rate. At a displacement rate of 0.1m/s the mean joint strength
and standard deviation was found to be 1.11± 0.13MPa. At a mean
displacement rate of 3.7m/s the joint strength was found to increase
to 1.95± 0.21MPa. This increase in strength with displacement rate
has been observed in other rubbers and is thought to be a result of
the dependence of the tearing process on the viscoelastic properties
of the rubber [83, 84, 85].
Effect of geometry
Each symbol used in Figure 6.13 corresponds to the nominal bite
depth of that test sample. It is difficult to identify any correlation
between bite depth and strength at any extension rate. This indicates
that failure force increases linearly with increasing bite depth up to
bite depths of 40mm. It is therefore valid to use the calculated nom-
inal strength values for determining failure force in this range.
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Figure 6.13: Effect of joint displacement rate on joint strength at 30◦.
6.3.2 Energy absorbed
The work done on each sample was calculated by integrating the
force-displacement curves. Figure 6.14 shows how the work done per
unit area of joint bond up to the maximum force increases with dis-
placement rate at a 30◦ pull angle. The work done on a sample is
made up of kinetic energy and energy dissipated through viscoelastic
losses and tearing in the silicone (no permanent deformation of the
Aluminium was observed). This increase in work at higher displace-
ment rates is a result of the increased kinetic energy and viscoelastic
losses.
Figure 6.15 shows how the work done up to the maximum force
per unit area of joint bond changes with pull angle at a displacement
rate of 2m/s. There was a slight reduction in the work done as the
angle of pull was increased.
Both Figures 6.14 and 6.15 show that there is no correlation between
work done per unit area of joint bond up to maximum force and the
bite depth. However, the total work done per unit area of joint bond,
up to complete failure of the joint, did increase with increasing bite
depth. This increase in work done for deeper joints is explained by the
extra energy required to propagate the tear through the extra depth
of the joint.
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6.3.3 Premature tearing
In many samples tearing of the joint was observed before the max-
imum force was reached. Image sequences recorded by the high-
speed camera were used to determine the time of first tear and the
corresponding force at first tear, Fft, as determined from the force-
time curve. The ratio Fft/Fmax represents the reduction in strength if
first tear is used as a failure criterion instead of the maximum force.
A histogram of the Fft/Fmax for all samples tested is shown in Figure
6.16. It shows that 60% of the test samples showed no signs of tear-
ing until the applied force exceeded 70% of the maximum force. The
earliest signs of tearing were observed at an applied force of 19% of
the maximum force.
The tears were seen to initiate from the corners formed at the un-
bonded edges of the test samples. These corners would not be present
in a full length glazing joint and the tears seen may have initiated due
to edge effects alone.
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Figure 6.16: Histogram of the ratio Fft/Fmax.
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Strength criterion
In the analysis of joint failure in this chapter the joint strength was
calculated using the maximum force experienced in the test. This
maximum force was obtained using a constant displacement rate test.
To be a valid criterion for strength the joint must not fail if the ap-
plied force is less than the maximum force. This may not be the case
as observations of the failure process made using a high-speed cam-
era showed that tearing could begin before the maximum force was
reached. Although the observed tearing before maximum force may
have resulted from edge effects the joint could still fail at a lower force.
If the test was conducted under conditions of constant force, rather
than constant displacement rate, the joint could tear over a longer
period of time at a lower force.
The basic requirement of a joint under blast loading is to be able to
withstand load from the tension in the cracked laminate for the dur-
ation of the laminated glass response. The criteria for failure should
therefore be defined by a load and the duration of that load. Typ-
ical durations observed in blast testing were in excess of the order of
10ms to 40ms. The time to maximum force in the joint tests ranged
between 5ms at a rate of 4m/s and over 130ms at a rate of 0.1m/s.
Although the joints tested at 4m/s were found to show a 75% increase
in strength over those tested at 0.1m/s, the duration for which they
could hold that load is not long enough with respect to the expected
response time of the glass. The samples tested at 0.1m/s show that
the joint can carry a reduced load for a longer period of time without
failing. It is therefore recommended that the 0.1m/s rate data is used
for calculating the required bite depth for a joint.
The strength at a rate of 0.1m/s rate was found to be 1.11MPa with
a standard deviation of 0.13MPa at a 30◦ pull angle. An appropriate
safety factor should be applied when using this value for design cal-
culations. This is to account for stresses already present in the joint
from dead load and thermal expansion of glass, reduced in service
strength and sample variability. The minimum bite depth should also
be limited due to the possibility of PVB delamination in the joint re-
gion. A short bite depth could allow the PVB in the joint region to
completely delaminate from the glass, leaving the silicone intact but
the pane detached from the frame. This effect may be worse for single
sided joints and a negative pull angle as peel stresses could accelerate
the delamination at the PVB to glass interface.
Tests on double sided joints have not been reported here. It was
168
6.4 discussion
found that the current specimen design plastically deformed when
subjected to the increased loads associated with double sided joints. A
double sided joint is likely to offer additional strength beyond the in-
crease in bonded surface area. With both positive and negative angles
of pull the rotation in the joint will be reduced due to increased resist-
ance to internal bending moments. This will reduce tension and com-
pression on the outer surfaces, enabling the load transfer to occur by
means of a more uniform shear stress. However, PVB delamination in
the joint region could still occur and the minimum bite depth should
therefore be limited.
Joint design
Conventional glazing joint designs are tooled flush, creating a rectan-
gular joint with square, 90◦, edges on either side. This design leads
to stress concentrations in the corners of the joint as shown in Figure
6.17. These sites contain relatively large tensile stresses from which
tears initiate, reducing the applied force needed to initiate a tear and
the overall failure strength of the joint. Several improvements to the
joint design can be made to reduce these stress concentrations. Tool-
ing the joint to a 45◦ fillet rather than a square 90◦ edge, as shown
in Figure 6.18, will reduce the magnitude of the stress concentrations.
Avoiding sharp corners by chamfering the glass and frames edge will
also reduce stress concentrations. These improvements could be im-
plemented into industrial practice with minimal costs. Tooling of the
joint is an operation that is already performed. All that is required
is for a shaped tooling knife to produce the correct fillet size for the
thickness of joint being prepared. Bevelling of the glass edges is also
already performed as it increases the strength the glass pane. The
frames are normally made from extruded metal, usually aluminium
alloy, and chamfered edges could easily be accommodated in the ex-
trusion die design.
It was found that joints were stronger when tested at negative
angles of pull. This was due to the line of force acting to minimise
internal bending moments and creating a uniform stress distribution
in the joint. In current designs the glass is located on the outside of a
building and the frame is on the inside, resulting in a positive angle
of pull if subjected to an external blast load. Locating the frame on
the outside of a building is likely to be impractical and aesthetically
undesirable in most cases. However, a frame located on the inside of a
building could be designed to allow plastic deformation of the frame,
changing the effective angle of pull. A notch running parallel to the
frame edge (as shown in Figure 6.18) would allow a plastic hinge to
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form and the frame to rotate under load, reducing the eccentricity of
the applied load and creating a uniform stress distribution in the joint.
However, care would need to taken to ensure that complete failure of
frame at the notch does not occur.
A common industrial practice is to use glazing tape to set out the
joint. The glazing tape is used as a continuous strip along all four
edges of the window frame to control the thickness of the joint and
is located at either the inside (at the end of the frame) or outside (at
the edge of the glass) of the joint. This tape reduces the area avail-
able for the silicone sealant by at least 5mm, reducing the bite depth
and strength of the joint. Glazing tape is used because it is quick,
cheap and versatile, able to be used to set out joints for any win-
dow size and frame design. To regain the area lost to glazing tape it
may be possible to develop a set of jigs for setting out the bite depth
and joint thickness. This could prove difficult given the number of
different thicknesses of glass and frame designs that would need to
be accommodated. An alternative would be to locate cured silicone
blocks at discrete positions around the frame to create the correct spa-
cing and then to fill the joint with silicone sealant from a conventional
caulking gun. If these blocks were manufactured from the same sil-
icone as was used in the joint then the fresh silicone would bond to
the silicone blocks. Applying a thin layer of silicone to the block at
the frame and glass interface before positioning would create a con-
tinuously bonded joint of minimal area. This would help to satisfy
architectural aspirations for reducing joint area without sacrificing
strength.
(a) Positive pull angle (b) Negative pull angle
Figure 6.17: Stress concentrations in the joint.
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Figure 6.18: Joint design with fillets and notch to relieve stress concentra-
tions in the silicone.
Comparison with blast test results
The joint failure strength calculated from blast testing was 1.1MPa
with a standard deviation of 0.3MPa. This value matches the recor-
ded strength for a 0.1m/s pull at 30◦, the lowest value found in this
testing. Several factors observed in the blast tests were ignored in
these tests. Cracks in the glass in the joint region, both transverse and
lateral, and delamination have not been recreated in these tests and
their effects are unknown. Transverse cracks may have a stress reliev-
ing effect as they prevent the glass substrate from carrying bending
moments and rotating as one piece. This would reduce tensile stresses
in the silicone on the back surface and transfer the load via shear
stresses. Lateral cracks and delamination were observed in the blast
tests for the tested bite depths of 15mm to 20mm. It is not known if
these modes of failure are present at other bite depths.
Relation to cracked laminate tests
In Chapter 5, cracked laminates were tested in tension at varying
strain rates with PVB interlayers ranging from 0.38mm to 2.28mm in
thickness. It was found that the tension in the PVB reaches a plateau
as the delamination between the glass fragments and the interlayer
propagates. This plateau level was dependent on strain rate and PVB
thickness. If the design requirement of the joint is to hold onto the
laminate in a blast then it should be sized according to the thickness
of the PVB interlayer.
The maximum force that can be supported by a cracked laminate
can be calculated from these tests providing the strain rate is known.
This force can then be used to calculate the bite depth required to re-
tain the laminate based on the strength data obtained in this chapter.
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As an example, the cracked laminate tests show that a 1.52mm PVB
interlayer has a plateau force of approximately 30 kN/m at a strain rate
of 100 s−1. The highest strain rate observed in blast testing was 20 s−1
(at which the tension would be in the region of 23 kN/m). Using the
higher value to be conservative and dividing it by a joint strength of
1.1MPa gives a minimum bite depth of 27.3mm. Results from tests
on joint samples incorporating cracked laminated glass showed that
joint failure did not occur when the bite depth was over 25mm for a
15.2mm PVB interlayer. This simple approach can be used by design-
ers to calculate the minimum bite required for a specific thickness of
PVB.
Calculations of bite depth using this method are only valid for
single interlayer laminates. Multi-layer laminates offer significant res-
istance to bending. Then membrane forces will cease to be the domin-
ant factor and the joint will therefore experience more tension/com-
pression and less shear. Smaller bite depths may be sufficient in these
cases depending on the magnitude of the blast load.
6.5 conclusions
This chapter has detailed the results from a testing program on the
strength of silicone glazing joints subjected to blast loads. The tests
replicated the loads imposed on the joint by the cracked laminated
glass using a specially designed test fixture in a high-rate tensile test-
ing machine.
It was found that the joint failure force was linearly related to the
joint bite depth for bite depths between 10mm and 40mm. Joint
strength varied between 1.11MPa and 2.31MPa depending on the
angle of pull and displacement rate. Strength increased as displace-
ment rate increased. Strength also increased for low and negative
angles of pull. This was due to a more even distribution of stress
resulting from a reduction in internal bending moments for low and
negative angles. The change in strength between a 30◦ pull and a 60◦
pull was found to be negligible. For design purposes a joint strength
of not greater than 1.1MPa should be specified with an appropriate
safety factor.
Failure was initiated by tears forming in areas of high tensile stress
which were usually located in the corners of the joint. However, at
negative angles tearing was also observed in the bulk silicone due
to minimal tensile stress and high shear stress. Load continued to
increase even after tears formed. By considering the force at the time
of first tear it was found that 60% of the test samples showed no signs
of tearing until the applied force exceeded 70% of the maximum force.
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However, the tears located in the corners initiated at the unbonded
edges of the test samples and were likely to have initiated due to edge
effects.
Design of glazing joints could be improved by tooling the silicone
to a 45◦ fillet instead of a square edge. This would reduce stress con-
centrations in the corner of the joints. The stress distribution in the
joint could be made more uniform by allowing the frame to plastic-
ally deform and rotate, reducing the eccentricity of the loading path
at all angles of pull. The strength data from this chapter can be used
in conjunction with the data gathered on cracked laminates to calcu-
late the minimum bite depth required to retain a laminated pane in a
blast event.
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7
F IN ITE ELEMENT MODEL OF LAMINATED GLASS
RESPONSE
7.1 introduction
This chapter details the development of a model that simulates the be-
haviour of laminated glass under blast loading in both the precrack
and postcrack phases. A finite element (FE) model was constructed
using the Abaqus finite element analysis software package and was
built on the observations and experimental results outlined in the pre-
vious chapters. The aim of the model was to improve the accuracy of
predictions of the limiting blast loads that can safely be applied to
a laminated glass window pane, particularly in the impulsive load-
ing case. Additionally, the model was designed to be extendible so
that future development can incorporate the effects of flexible fram-
ing systems. Example results from the model were compared against
the displacements, strains and edge loads measured experimentally
in Chapter 3. Failure predictions generated using the model were
also compared against an existing single-degree-of-freedom (SDOF)
model.
7.2 methods
A model of a 1.5m × 1.2m laminated glass pane with layup
[3, 1.52, 3]mm was constructed in the Abaqus finite element software
package. To simplify the modelling procedure the response of the lam-
inated glass was split into two separate models, one to describe the
precrack response and one to describe the postcrack response. A max-
imum stress criterion was used to determine the time of fracture of
the glass plies. When a maximum principal stress greater than 80MPa
was observed, the precrack model was stopped and the current strain,
position, and velocity of each element in the model were written to
an output file. These were then imported into the postcrack model
as initial conditions, along with any remaining load if the precrack
model failed before the pressure pulse was over. The time-varying
blast pressure was applied as a uniform pressure field across the win-
dow surface. This simplification was for convenience only; the model
is capable of accepting detailed nonuniform pressure-time histories
generated by Computational Fluid Dynamics (CFD) programs.
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7.2.1 Precrack model
Two models were developed to describe the initial precrack response
of the laminated glass, one simplified model using shell elements
and one using solid continuum elements to capture the viscoelastic
response of the PVB interlayer. The more complex solid continuum
element model was developed to show that the simplified shell ele-
ment model adequately captures the precrack response.
Shell element model
Shell elements describe the bending and in-plane (membrane) de-
formation of structures in which one dimension is significantly smal-
ler than the others (plate-like structures). The S4R shell element in
Abaqus is a 3D quadrilateral finite-membrane-strain shell element
and was chosen to capture the laminated glass behaviour in this
model.
A typical mesh generated by discretizing the laminated glass pane
into shell elements is shown in Figure 7.1. The coordinate system
origin was defined at the centre of the laminated pane (shown by O
in Figure 7.1) with the x-axis in the horizontal direction, the y-axis
in the vertical direction and the z-axis positive in the direction of the
applied pressure. This is the same coordinate system used in the DIC
measurements made in Chapter 3. Only one quarter of the laminated
glass pane was modelled as the assumption of a uniform pressure
field across the window surface allows symmetry conditions to be
imposed along the x-axis and y-axis. Displacements and rotations at
the remaining two edges were assumed to be zero, giving a built-in
type boundary condition similar to that provided by a deep double-
sided joint. This is a simplification as the elasticity of a silicone joint
will allow for some movement at the laminated glass edges. However,
results of the simulation will be conservative since preventing this
movement will increase stress levels in the pane, causing failure to
occur earlier than in reality.
The cross-sectional behaviour of the shell elements was calculated
from the material properties and thickness of each layer in the lamin-
ated glass. The glass plies were modelled with a linear elastic material
model and their material properties are given in Table 7.1. Two ma-
terial models for the PVB interlayer were analysed, a simple linear
elastic material model and a viscoelastic material model to capture
stress relaxation in the interlayer. The material properties for the PVB
interlayer are also given in Table 7.1. In the linear elastic model a
Young’s modulus value of 530MPa was used. This value corresponds
to the instantaneous shear modulus value measured in Chapter 4 and
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Figure 7.1: Simplified one-quarter model of laminate glass pane with shell
elements.
Table 7.1: Section properties for laminated glass.
Layer Material
Thickness
(mm)
Density
(kg/m3)
Young’s
modulus
(GPa)
Poisson’s
ratio
1 Glass 3 2530 72 0.22
2 PVB 1.52 1100 0.53* 0.485
3 Glass 3 2530 72 0.22
* Instantaneous elastic modulus for linear-elastic behaviour. (see Chapter 4)
describes the behaviour at short time scales. The viscoelastic material
model was defined using the terms from the Generalized Maxwell
model discussed in Chapter 4. These terms are given again in Table
7.2 for reference.
The solution of the model was found using the explicit solver in
Abaqus. The solver uses central difference equations to calculate ve-
locities and positions at a future time from the known positions, ve-
locities and accelerations at the current and previous times. The time
step used in the analysis was automatically controlled by the program
to ensure numerical stability throughout the analysis. The number of
elements in the finite element mesh was increased until the deflection
profile at time of fracture converged on a solution. Typical computa-
tion time using a 2GHz dual-core desktop processor was between 20
and 60 seconds for a refined mesh.
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Table 7.2: Terms for viscoelastic material
model of PVB.
i Gi/G0 τi (s)
1 0.49016 2.45× 10−5
2 0.40844 2.21× 10−3
3 0.08522 4.98× 10−2
4 0.01389 6.24× 10−1
5 0.00159 2.49× 101
* Instantaneous shear modulus G0 = 178MPa, long-
term shear modulus G∞ = 0.125MPa
Limitations of shell elements
The S4R shell element formulation in Abaqus accounts for nonlinear
material behaviour and changes in layer thickness due to in-plane
stress by recalculating section properties during the analysis [72].
However, shell elements assume that there is a linear variation of
in-plane strain across the thickness of the shell section when placed
under bending. This is similar to the assumption in classical beam the-
ory that plane sections in the undeformed beam remain plane when
the beam is loaded.
In laminated glass this assumption may not be valid if there is a sig-
nificant difference in the modulus values between the glass and PVB
layers. Figure 7.2a shows the flexural stress distribution in the lam-
inated glass if the in-plane strain varies linearly. The flexural stress
distribution in each glass ply is collinear, that is they lie on a single
straight line. The stress in the PVB layer is not visible because it is or-
ders of magnitude less than that in the glass due to the difference in
moduli. If the modulus in the PVB is drastically lower than that of the
glass, the in-plane strain across the thickness of the shell section may
depart significantly from the assumed linear variation. The extreme
case is when the PVB’s only function is to maintain the separation
distance between the glass plies. The stress distribution in this case is
shown in Figure 7.2b.
Norville et al. [26] developed an analytical model of laminated
glass beams where the in-plane strain across the thickness was al-
lowed to depart from the linear assumption. The effective section
moduli that they calculated for laminated glass beams approached
those of monolithic beams of the same overall thickness when the
loading duration was short or the temperature was low. This indic-
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(a) Linear (b) Nonlinear
Figure 7.2: In-plane stress distribution through laminated glass thickness.
ates that the assumption of a linear variation of in-plane strain across
the thickness of the shell section is likely to be valid. To validate this
further a full 3D solid element model of the laminated glass pane was
also developed.
Solid element model
To fully capture cross-sectional behaviour of the laminated glass and
the effects of viscoelasticity in the PVB interlayer it was necessary to
construct a model using 3D solid continuum elements. By using a
number of solid continuum elements over the thickness of the lamin-
ated glass the nonlinear variation of in-plane strain across the lamin-
ate thickness can be accounted for. The C3D8I solid continuum ele-
ment in Abaqus was chosen for this model as it provides a good
description of bending behaviour whilst remaining relatively compu-
tationally efficient [72].
A typical structured regular mesh generated by discretizing the
laminated glass pane into solid elements is shown in Figure 7.3. The
model is very similar to the shell element model excepting that each
layer has three elements across its thickness, giving a total of nine
elements across the thickness of the laminated pane. The material
properties used were the same as those for the shell element model,
as given in Tables 7.1 and 7.2. Simulation were conducted with both
a linear elastic and viscoelastic material model of the PVB interlayer.
This was to verify the results of the shell element model and to invest-
178
7.2 methods
Figure 7.3: Solid element one-quarter model of laminate glass pane.
igate the effect of the viscoelasticity on the laminated pane response.
In both cases geometric nonlinearity was accounted for in the simula-
tion.
The explicit solver in Abaqus was used again to find the solution
and the number of elements in the finite element mesh was increased
until the deflection profile at time of fracture converged on a solu-
tion. Typical computation time for the solid element model using a
2GHz dual-core desktop processor was between 10 and 20 hours for
a refined mesh, a significant increase over the shell element model.
Effect of viscoelasticity in the PVB
To determine the effect of viscoelasticity in the PVB interlayer on the
blast response of the laminate glass, the two precrack models were
solved with and without viscoelasticity in the interlayer. A blast load
with a peak reflected pressure of 130 kPa and a positive phase dur-
ation of 6.5ms, giving a total reflected impulse of 423 kPa ·ms, was
applied to the laminated glass pane. This blast loading would be equi-
valent to that generated by a 30 kg TNT charge at a stand off distance
of 14m, the same loading as in test 4 in Chapter 3. The analysis was
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Figure 7.4: Comparison of deflection profiles at the pane centre (y = 0mm)
and a time of 1.2ms produced by different models.
run until the maximum principal tensile stress in the glass plies ex-
ceeded 80MPa [36].
Figure 7.4 shows a comparison of the profiles predicted by the two
models with and without viscoelasticity in the interlayer at a time of
1.2ms, the approximate time of fracture in the glass. The solid ele-
ment model without viscoelasticity and both shell element models
give near identical deflection profiles. Viscoelasticity in the shell ele-
ment model has little effect because a nonlinear variation of in-plane
strain across the pane thickness is not possible with these elements.
The flexural stresses in the interlayer are too small compared to those
in the glass plies to make a significant difference to the response. The
agreement between the elastic solid element and elastic shell element
models suggests that the difference in modulus between the glass and
PVB layers is not large enough to cause a significant departure from
the assumption of a linear variation of in-plane strain across the pane
thickness.
The deflection profile predicted by the viscoelastic solid element
model departs slightly from those generated by the other three sim-
ulations. This is because a small amount of relaxation occurs in the
interlayer, increasing the difference in modulus between the glass and
PVB layers and reducing the flexural stiffness of the laminated glass
section. Figure 7.5 shows the in-pane stress distribution across the
thickness, yl, of the laminate at x = 360mm and y = 0mm, the loc-
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ation of maximum stress on the horizontal cross-section, for the dif-
ferent models. As expected the shell elements show a collinear stress
distribution in each glass ply and small stresses in the PVB interlayer.
The stress distribution does not intersect through zero since there is
also a tensile membrane stress; the shell is not in pure bending.
In the solid element model, the in-plane stress distributions in each
glass ply remain parallel but are now offset. The linear in-plane strain
distribution across the laminate thickness is no longer enforced and
each glass ply is allowed to bend somewhat independently. The off-
set in the stress distributions in each glass ply is determined by how
much horizontal shear force the PVB interlayer transfers from one
glass ply to the other. In the extreme case shown in Figure 7.2b no
horizontal shear force was transferred between the glass plies. In Fig-
ure 7.5 only a small reduction in the horizontal shear force transfer is
seen. The reduction in the horizontal shear force transfer is depend-
ent on the PVB modulus. The solid viscoelastic model shows a greater
offset in the stress distributions in each glass ply than the solid elastic
model due to stress relaxation in the interlayer.
The effect of this stress relaxation in the interlayer on the overall
deflection profile is small (Figure 7.4). The maximum principal stress
in the glass plies is also reduced by stress relaxation in the interlayer,
meaning the glass is likely to fracture at a later time. The effects of
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Figure 7.5: Comparison of maximum principal in-plane stress predicted at
x = 360mm and y = 0mm by different models.
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stress relaxation may become more pronounced in long duration load-
ing cases, in which the peak pressure to cause failure is lower and in
which the glass takes tens of milliseconds to fracture. In these cases
the flexural stiffness of the laminate would decrease over time, redu-
cing the stress in the glass plies and delaying fracture.
7.2.2 Postcrack model
A shell element model was constructed to model the postcrack phase
of the laminated glass response. The postcrack model was identical to
the precrack shell element model except for modified material proper-
ties to describe the stress-strain response of cracked laminated glass.
Cracks in the glass plies were assumed to have developed instantan-
eously and densely across the whole window pane at the end of the
precrack model. The elastic modulus of the glass plies was therefore
reduced to approximately zero to account for this1. The glass plies
were not removed completely from the model since their mass still
contributed to the response of the laminate.
The material properties of the interlayer were changed to describe
the overall stress-strain response of the cracked laminated glass, as
investigated experimentally in Chapter 5. A Johnson-Cook (JC) plasti-
city model was chosen to describe the rate dependent stress-strain re-
sponse of cracked laminated glass. The JC model is empirically based
and was originally developed to describe the effects of strain rate and
temperature on the plastic deformation of metals [86]. When the ef-
fects of temperature are ignored, the stress required for plastic flow
is defined as
σ =
(
A+ Bεnp
)(
1+ C ln
ε˙
ε˙0
)
(7.1)
where εp is the plastic strain, ε˙ is the strain rate, ε˙0 is a reference
strain rate and A, B, C and n are material constants. The terms in
the first bracket describe the yield stress of the material as the plastic
strain increases at the reference strain rate. The second bracket ac-
counts for the increase in yield stress with increasing strain rates.
The JC plasticity model does not completely capture the behaviour
of cracked laminated glass. Use of the JC plasticity model in Abaqus
requires that the initial elastic modulus is independent of strain rate.
The modulus of cracked laminated glass was observed to show a
dependence on strain rate. For randomly cracked laminated glass
1 A value of 1 Pa was used as Abaqus will not accept zero stiffness.
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Table 7.3: Constants for Johnson-Cook model of
cracked 7.52mm laminated glass.
A (MPa) B (MPa) C n
6.72 10.6 0.248 0.303
with an interlayer thickness of 1.52mm the observed modulus var-
ied between 0.3GPa and 14GPa for strain rates between 1 s−1 and
100 s−1. However, strain rates observed in blast testing were in the
order of 1 s−1 to 10 s−1. These equate to moduli values of 0.3GPa
to 0.8GPa. An assumed initial modulus of 0.55GPa was therefore
chosen to represent the modulus at the expected strain rates.
The JC model was designed for plasticity. Any deformation above
the yield stress is permanent and only the elastic deformation is re-
covered on the removal of the applied stress. The cracked laminated
glass is not plastic and if given enough time will recover to almost
its initial length. If it is assumed that the time scale for complete re-
covery is orders of magnitude greater than the duration of the blast
response, then the deformation of cracked laminated glass is essen-
tially plastic over the time scales of interest. If the postcrack model is
only used up to the point of maximum deflection, it is assumed that
recovery effects can be ignored.
Equation 7.1 was fitted to the experimental data obtained for ran-
domly cracked laminated glass with an interlayer thickness of 1.52mm
using nonlinear regression. Material constants A, B and n were de-
termined first by fitting the model to the data obtained at a reference
strain rate ε˙0 of 1 s
−1. The constant C was then determined by fit-
ting the model to the data obtained at increased strain rates. Figure
7.6 shows a comparison between the stress-strain curves calculated
by the JC model and the experimental results from Chapter 5. The
determined material constants are given in Table 7.3.
7.2.3 Transition between models
A script was developed to automate the transition from the precrack
model to the postcrack model. The user can specify the required blast
load in terms of peak reflected pressure and positive phase reflected
impulse and the script calculates the pressure-time loading history as-
suming an idealised triangular pressure pulse. The script also accepts
pressure-time histories from experimental data or output from CFD
programs such as Air3D. The precrack model was then run with the
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Figure 7.6: Johnson-Cook model of 7.52mm cracked laminated glass.
pressure-time loading until the maximum principal tensile stress was
exceeded in one of the glass plies. The script then extracts the time at
which this occurred and recalculates the remaining blast load, if any.
The postcrack model then continues the analysis with the recalcu-
lated load using the last known strain, position, and velocity of each
element in the precrack model as initial conditions. The postcrack
model is then run until the velocity at the centre of the pane becomes
negative, indicating that maximum deflection has been reached.
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7.3.1 Pressure-impulse analysis
A pressure-impulse analysis was conducted using the model to de-
termine the level of predicted damage over a wide range of charge
sizes and stand-off distances. The model was run with peak reflected
pressures in the range of 1 kPa to 1MPa and positive impulses in the
range of 10 kPa ·ms to 10MPa ·ms. For simplicity the blast load ap-
plied to the pane was idealised as a triangular pressure pulse with
zero rise-time and no negative phase. A bracketing procedure was
used to find the pressures and impulses required to produce constant
levels of damage. The levels of constant damage investigated were
defined by the point of first cracking in the glass plies and when the
peak in-plane principal strain in the cracked laminated glass reached
levels of 5%, 10%, 15% and 20% before maximum deflection.
Figure 7.7 shows the iso-damage curves produced by the model
at these damage levels. If the applied pressure and impulse for a
particular blast load lies toward the lower left of an iso-damage line
then the laminate will not reach that level of damage. If the applied
pressure and impulse lie toward the upper right of an iso-damage
line then the laminate will have exceeded that level of damage.
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Figure 7.7: Iso-damage curves produced by the shell element model for a
7.52mm thick 1.5m× 1.2m laminated pane at various peak in-
plane principle strains between 5% and 10%.
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The curves show asymptotic behaviour in both pressure and im-
pulse. The pressure asymptote (horizontal) is formed at the minimum
pressure required to cause a certain level of damage. At this pressure
the level of damage experienced will not increase with an increasing
impulse. This asymptote is also known as the quasi-static asymptote
as it represents loads which vary slowly with respect to the response
of the pane. Similarly the impulsive asymptote (vertical) is formed at
the minimum impulse required to cause a certain level of damage. At
this asymptote, any increase in the applied pressure has no effect on
the damage level obtained. A maximum strain of 20% was suggested
in Chapter 5 as being the maximum strain that the laminate can safely
experience. This iso-damage level can be used to assess whether the
laminate is safe for a particular blast load.
7.3.2 Comparison with blast tests
The finite element model was run with the same blast load paramet-
ers as test 2 in Chapter 3 to compare the predictions against exper-
imental observations. This blast test was chosen as it was one of
the cases where maximum deflection was reached without significant
pull-out from the silicone joint. The blast pressure-time history acting
at the centre of the window, including the negative phase, was cal-
culated using Air3D. The calculated pressure-time history was then
applied as a uniform field across the window. Figure 7.8 shows the ap-
plied reflected pressure pr alongside the predicted and experimental
central displacement-time histories.
The predicted central displacement shows good agreement with
the experimental data up to a time of approximately 12ms. The effect
of restraint at the edges on the central displacement is minimal in this
phase and the central displacement is largely determined by the ap-
plied pressure and the area mass density of the laminate. The model
predicts a maximum deflection of 190mm at 16.2ms compared to
the peak experimental deflection of 173mm at 14ms. Peak predicted
nominal principal strains in the cracked laminate were of the order of
8% compared to measured strains of the order of 4%. Predicted strain
rates in the cracked laminate were in the order of 10 s−1, agreeing well
with the experimental observations.
Deflected shape
Figure 7.9 shows a comparison of the experimentally obtained deflec-
tion profiles of the laminated pane taken horizontally at y = 0mm
against the finite element model. Each profile shown is spaced ap-
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Figure 7.8: Comparison of central deflection-time history between blast test
2 and the finite element model predictions.
proximately 2ms apart up to maximum deflection. The predicted
profile at 2ms shows good agreement with the experimental profile,
except for a small deviation close to the edge. The experimental pro-
files show how the real boundary conditions at the edge are not rigid,
as assumed in the finite element model, but deflect by approximately
30mm at the time of maximum deflection
The predicted profile at 4ms shows a slightly increased deflection
at the region around x = 300mmwhen compared to the experimental
profile. The deflection around this region was also greater than the
central deflection for both the predicted and experimental profiles,
giving an ’M’ shaped profile. This is likely to be the result of higher
vibration mode shapes superposing on the deflection profile.
After 10ms the predicted profiles begin to depart more significantly
from the measured profiles. Towards the edge of the profile the lam-
inated pane begins to rebound, giving the pane a negative velocity in
this region. The region that has rebounded increases in size until it
reaches the centre of the pane, at which point the maximum central
deflection is reached. This behaviour was not observed in the exper-
imental profiles. Possible reasons for this deviation are discussed in
more detail in Section 7.4.2.
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Figure 7.9: Comparison of deflection profiles between blast test data ob-
tained using DIC and the finite element model predictions.
Fracture of the glass plies
The model predicted that the fracture of the glass plies would occur
at a time of 1.6ms. Measurements from strain gauges used in the ex-
periment indicate that the time of fracture was approximately 3ms.
This discrepancy in the fracture time is likely to be a result of the
boundary conditions used in the model. The flexibility of the sup-
porting window frame and cubicle structure used in the experiments
slows the rise in stress in the laminate, delaying the fracture time.
Figure 7.10 shows the predicted maximum in-plane principal stress
distribution at 1.6ms on the rear surface of the window. The figure
shows that fracture of the glass plies is most likely to initiate in the
corners of the window. The highest in-plane principal stresses lie in
a region which runs parallel to the nearest edge. The lowest stresses
exist in the centre region of the laminated pane, which remains relat-
ively undeformed. This stress distribution corresponds well with the
observed fracture patterns in blast experiments, with dense cracking
near to the edges and few cracks in the centre of the laminate.
Edge reaction forces
Figure 7.11 compares the predicted and measured edge reactions
forces and angle of pull at the midpoint of the vertical edge (x =
570mm, y = 0mm). A definition of the angle of pull and reaction
force can be found in Section 3.2.2. The reaction force measured in
blast testing peaked at approximately 20 kN/m compared with a max-
imum reaction force predicted by the model of 28 kN/m. Although the
magnitudes of the reaction forces differ their approximate shape is
similar if the high frequency oscillations in the experimental data are
188
7.3 results
 0
 100
 200
 300
 400
 500
 600
 700
 0  100  200  300  400  500  600
y
 (
m
m
)
x (mm)
 0
 20
 40
 60
 80
M
ax
 i
n
-p
la
n
e 
st
re
ss
 (
M
P
a)
0
20 40 60
80
Figure 7.10: Predicted maximum in-plane principal stress distribution at
predicted time of glass fracture.
ignored. These high frequency oscillations are due to vibrations in
the supporting window frame and cubicle which were not included
in the finite element simulation.
The predicted angle at the edge differs in both magnitude and
shape from the experimental observations. The measured angle of
pull peaks at approximately 24◦ at a time of 13ms whereas the pre-
dicted angle of pull rises steeply after the glass plies fracture to ap-
proximately 30◦ at a time of 4ms. This deviation is partly explained
by the moving support structure in the experiments, reducing the
angle of pull. Further reasons are discussed in Section 7.4.2.
Figure 7.12 shows the predicted variation in the reaction force and
angle of pull along the vertical edge of the window pane (x = 570mm)
at the time of maximum reaction force. The figure shows that both the
reaction force and angle of pull remain relatively constant along the
edge and only reduce significantly in the corner regions. This force
distribution is a result of the deflected shape at this time, as shown in
Figure 7.13. The deflected shape shows a flat region in the centre of
the pane with a constant slope along each edge, except in the corners.
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Figure 7.11: Comparison of edge reaction force and angle at y = 0.
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7.4.1 Comparison with single-degree-of-freedom model
Smith [1, 36] has developed a single-degree-of-freedom (SDOF) model,
consisting of an equivalent load, mass and nonlinear resistance func-
tion, to describe the behaviour of laminated glass under blast loading.
Figure 7.14 compares the predicted iso-damage curve of the SDOF
model against the finite element model developed here for a 7.52mm
thick 1.5m× 1.2m laminated pane. Lines of constant charge weight
and stand-off distance have been overlaid on the figure to allow easy
determination of the reflected pressure and impulse for a particular
threat (assuming infinite façade dimensions).
The predicted iso-damage curves for fracture of the glass plies
show good agreement on the pressure asymptote (long duration
pulses) but differ on the impulsive asymptote (short duration pulses).
In the impulsive case the SDOF model predicts that a greater impulse
is required for cracking at any given pressure. The SDOF model as-
sumes that the pane deflects with the same shape for all pressures and
impulses. The assumed deflected shape is that which would be pro-
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Figure 7.14: Comparison of iso-damage curves produced by the shell ele-
ment model and the SDOF analysis for a 7.52mm thick 1.5m×
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duced under the static application of the dynamic loads, as determ-
ined from finite element analysis of glass plates loaded by a uniform
pressure [42]. The maximum deflection before fracture was determ-
ined from the point at which the maximum principal tensile stress
anywhere in the pane exceeded 80MPa. The finite element model
developed here does not assume a deflected shape and instead cal-
culates it during the dynamic analysis. In the impulsive case the de-
flected shape calculated in the dynamic finite element analysis differs
from the static deflected shape, resulting in higher maximum prin-
cipal tensile stresses at lower impulses. The SDOF model therefore
overestimates the resistance to cracking in the impulsive case. How-
ever, the pressures and impulses required to produce this behaviour
are only producible from small charges at small stand-off distances.
Under these conditions the pressure distribution across the window
will not be uniform. Both models assume a uniform pressure distribu-
tion and as a result will overestimate the resistance at these loads. The
finite element model can easily be adapted to include the nonuniform
pressure distribution to yield more accurate estimates of cracking in
this regime.
The assumed deflected shape used in the SDOF model will also
overestimate the contribution of the precrack phase to the overall re-
sponse. Both the blast test results and the finite element model have
shown that the deflected shape differs significantly from the assumed
shape in the precrack phase. However, the contribution of the pre-
crack phase to the overall response is small when compared to the
contribution of the postcrack phase.
The predictions of safe strain levels in the cracked laminate pro-
duced by the finite element and SDOF models are also shown in
Figure 7.14. The safe limit used by the SDOF model for this pane
size was determined from the pressures and impulses required to
produce a peak central deflection of 200mm. This equates to a max-
imum in-plane strain of approximately 9%. Good agreement is seen
between the SDOF iso-damage curve and the 20% strain level iso-
damage curve produced by the finite element model. A slight in-
crease in the position of the impulsive asymptote is seen with the
20% strain finite element iso-damage curve when compared to the
SDOF prediction. The finite element iso-damage curves are shown
at different strain levels to show the sensitivity to the maximum ac-
ceptable strain criteria. The use of an iso-damage curve at a reduced
strain may be more appropriate in certain applications, for example,
where the window is expected to operate at low temperatures.
The deflected shape predicted by the finite element model in the
postcrack phase differs from the shape measured during blast testing,
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especially at maximum deflection. However, the peak strain in the
finite element model is approached before maximum deflection is
reached. This is because the finite element model allows for variation
in the strain at different positions in the window due to dynamic ef-
fects. This is also the reason that the 9% strain (200mm deflection)
condition used in the SDOF analysis can yield similar results to the
20% strain condition in the dynamic FE model. At the time of max-
imum strain the deflected shape predicted by the dynamic FE model
matches more closely with that observed in the blast testing than the
shape predicted at maximum deflection.
The SDOF model uses a static finite element membrane analysis
with an equivalent dynamic modulus, representing the macroscopic
behaviour of the cracked laminate under blast loading, to determine
the resistance-deflection relationship of the crack laminate. The de-
flected shape from the static application of the dynamic load matches
more closely with the shape measured at peak deflection for the blast
test discussed in this chapter. However, the deflected shape produced
by the static analysis has not been experimentally validated for other
blast loads, different pane sizes and layups.
7.4.2 Limitations of the finite element model
Material model of cracked laminated glass
In the development of the finite element model it was assumed that
the behaviour of cracked laminated glass could be adequately mod-
elled by reducing the stiffness in the glass layers to zero and using
a Johnson-Cook plasticity law to the described the overall response
of the cracked laminate. The reduction in stiffness in the glass lay-
ers gives the cracked laminate very little flexural stiffness. It was
assumed that the cracked laminate only acts as a membrane. How-
ever, the cracked laminate will only act as a pure membrane if all the
cracks in the glass plies are aligned and there is enough tensile strain
in the membrane to ensure that adjacent fragments do not make con-
tact as it curves. It is more likely that cracks in each ply do not line
up exactly, resulting in some residual flexural stiffness after the glass
fractures. Omitting this residual flexural stiffness from the model is
likely to be a contributing factor to the differing deflection profiles in
Figure 7.9.
An initial rate-independent modulus was combined with a rate-
dependent plasticity law to describe the behaviour of the cracked
laminate. The initial modulus was based on results from tensile tests
on cracked laminated glass at the strain rates observed in blast test-
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ing. Strain rates of the same order were predicted by the finite ele-
ment model for the blast test discussed and give some confidence in
this assumption for this case. However, at the extreme ends of the iso-
damage curves, for very short duration events or very long duration
events, the modulus could depart significantly from this assumption,
giving incorrect results. The use of a plasticity law means that the
only recovery that takes place is due to the assumed elastic modulus.
No investigation into the recovery of cracked laminated glass upon
the removal of a stress has been made and it is not known if this as-
sumption is valid. There is also likely to be a degradation in stiffness
as the PVB interlayer delaminates from the glass layers. This effect
has been neglected.
The model assumes that fracture of the glass plies occurs instant-
aneously and with an even density across the laminate. The fracture
pattern is known to vary across the laminate, with the crack density
largely being a function of the stress distribution at the time of frac-
ture. In Chapter 5 it was observed that the initial modulus increased
and nominal failure strain decreased with increased crack spacing,
whereas the plateau stress was unaffected. The finite element model
and the failure criteria used here ignore these effects and could res-
ult in overestimating the safety limit of the pane. To capture all these
effects it would be necessary to write a user defined material model
(VUMAT) for Abaqus. An estimate of the crack density across the
pane could be made using the stress distribution at the time of frac-
ture. This could then be used to vary the tensile stiffness, flexural
properties and failure criteria across the cracked laminate on an ele-
ment by element basis.
Boundary conditions
The boundary conditions used in the finite element model correspond
to an infinitely stiff supporting structure. Comparisons with the ex-
perimental deflection profiles show that there is significant flexibility
at the boundary. This could have a positive or a negative effect. If
the period of oscillation of the boundary coincides with that of the
laminated pane then it will act to reduce the stresses in the laminate
and joint. If the boundary rebounds before the laminate pane reaches
maximum deflection then the stress in the laminate and joint could
increase. This effect has been neglected in this analysis and could be
an important factor in determining the safe limit of a laminated pane
under blast loading.
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Fluid structure interaction
In this analysis the pressure distribution across the window face was
assumed to be uniform. Furthermore the blast pressure in the model
acts as a time varying static pressure, always resulting in a force nor-
mal to the face of each shell element. This is not an accurate represent-
ation of the way in which the blast wave interacts with the structure
and is likely to be another contributing factor to the differing deflec-
tion profiles in Figure 7.9. The load acting on the pane arises from
both the static and dynamic pressure in the blast wave. The pressures
calculated here assume that the blast wave is reflecting normal to an
infinitely rigid surface. However, the pane quickly accelerates when
hit by the blast wave, reducing the effective dynamic pressure of the
wave and the total impulse acting on the pane. Air behind the pane
has also been neglected and is likely to offer some damping effect.
It is therefore likely that the calculated pressures overestimate the
load on the pane, giving conservative estimates for the pressures and
impulses required to cause failure. More accurate modelling of the
interaction between the blast wave and moving pane is possible with
coupled fluid dynamics simulations, but at the expense of computa-
tional time.
7.5 conclusions
In this chapter a finite element model has been constructed to predict
the response of the laminated glass to blast loading in the precrack
and postcrack phases. The model was constructed using shell ele-
ments and was split into two distinct phases to described the precrack
and postcrack response. In the precrack phase it was determined that
the effects of viscoelasticity in the PVB interlayer were negligible at
short time scales by comparing the results of the shell element model
against a full solid continuum element model.
The postcrack phase of the laminate response was modelled by
reducing the stiffness of the glass layers to zero and using a rate-
dependent plasticity law to describe the membrane response of the
cracked laminate. A pressure-impulse analysis was conducted using
the model to determine iso-damage levels for varying charge weights
and stand off distances. The iso-damage curves agreed well with
those generated using a single-degree-of-freedom analysis, with a
20% maximum strain damage curve being approximately equivalent
to a maximum 200mm deflection damage curve produced using the
single-degree-of-freedom model.
Comparisons between the predictions generated using the model
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and experimental data from blast testing showed that the finite ele-
ment model agrees well initially but over predicts the maximum de-
flection. This was possibly due to the omission of any residual flex-
ural stiffness in the cracked laminate after the glass plies fracture.
Fracture of the glass plies was predicted using a maximum in-plane
principal tensile stress criteria. The model predicted that fracture
would occur at an earlier time than was observed in the blast tests.
Predicted reaction forces were 40% larger than those measured in
blast testing. These deviations were likely to be a result of the flexibil-
ity of the window frame and support structure reducing the stress in
the laminated pane compared to the infinitely stiff assumption used
in the FE model.
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CONCLUS IONS
The primary aim of this thesis was to improve the understanding of
the behaviour of laminated glass and the transfer of load to the joint
in the postcrack phase of the blast response. Twelve laminated glass
panes of sizes between 1.5m× 1.2m and 3.6m× 2.0m and various
PVB interlayer thicknesses were tested in full-scale open-air blast tri-
als at RAF Spadeadam, Cumbria. The tensile stress-strain behaviour
of cracked laminated glass was investigated at various strain rates,
crack densities and interlayer thicknesses. The viscoelastic response
of PVB alone was also characterised. A finite element model was de-
veloped to capture the precrack and postcrack phases of the lamin-
ated glass response using the experimental data gathered. This was
compared against measurements made in blast testing and against
results of a single-degree-of-freedom (SDOF) model. The strength of
single-sided silicone glazing joints under blast loading was also in-
vestigated. Glazing joints of different bite depths were tested to fail-
ure and the effect of pull angle and velocity on the observed failure
strength was determined.
8.1 blast test observations
A series of open-air blast experiments was performed on laminated
glass windows to measure deflections and edge reaction forces. Ten
laminated glass samples of size 1.5m× 1.2m and layup [3, 1.52, 3]mm,
one sample of size 3.6m × 2.0m and layup [6, 1.52, 6]mm and one
sample of size 3.3m× 1.7m and layup [6, 0.76, 6]mmwere tested. The
panes were loaded with positive impulses ranging from 284 kPa ·ms
to 1040 kPa ·ms. High-speed image correlation was used to meas-
ure the full rear-surface displacement of laminated panes and strain
gauges were used to measure load placed on the framing.
8.1.1 Behaviour of the laminated pane
The use of high-speed image correlation in blast testing allowed for a
detailed analysis of the response of laminated glass under blast load-
ing. The deflected shape of the windows was characterised by a flat
central region deflecting into the cubicle with curved and strained
regions concentrated close to the edges. The approximate fracture
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pattern in the glass plies could be inferred from the strain calculated
using image correlation. The fracture patterns observed were charac-
terised by densely cracked regions near the edges with lower density
cracking in the centre region. The pattern was largely determined by
the curvature of, and hence the stress in, the glass plies at the time of
fracture.
As the panes deflected the flat central region became smaller until
the whole profile was curved. The restraint at the edges caused trans-
verse deceleration waves to propagate inwards towards the centre
from each edge. Measurements of the undeformed flat central region
were used to calculate the transverse wave velocity. The measured
transverse wave velocity after fracture of the glass plies correlated
with that predicted by considering an elastic membrane and the meas-
ured tension in the cracked laminate. The ratio of inward velocity to
transverse wave velocity is important as it affects the concentration of
strain and strain rate at the edges of the window and therefore the
severity of the blast load. Adding mass to the window by increasing
the glass thickness improves the ratio by the square root of the rel-
ative increase in mass. A thicker interlayer improves the ratio by the
square root of the relative increase in interlayer thickness, providing
the joint and frame can cope with the increase in tension.
Displacements before failure of over 200mm were observed. Peak
velocities and accelerations at the centre of the pane were observed
to range from 17m/s to 31m/s and 3 km/s2 to 6 km/s2 respectively. The
peak velocities correlated well with the positive phase reflected im-
pulse due to the conservation of momentum, which provides a very
simple method of estimating the maximum pane velocity. Strain in
the cracked laminated glass was observed to reach values of 15%
without tearing for a 1.52mm interlayer. Strain rates of the order of
10 s−1 to 40 s−1 were also observed. Tearing of the 0.76mm interlayer
was observed at 13% strain at a strain rate of 40 s−1, suggesting a
reduced strain to failure for thinner interlayers.
8.1.2 Joint failure
Failure in the joint region before maximum deflection was observed
in nine of the twelve test samples and was the predominant mode of
failure. Partial and complete tearing of the PVB interlayer were also
observed in the two samples with 6mm thick glass plies. Three dif-
ferent modes of failure at the joint were observed; cohesive failure in
the bulk silicone, lateral cracks in the glass fragments and delamina-
tion at the PVB to glass interface. Cohesive failure of the silicone and
lateral cracking in the glass fragments were found to be more com-
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mon than debonding of the PVB interlayer. No evidence of adhesive
failure was found between the silicone and frame or the silicone and
glass. The image correlation results showed that the angle of pull
was approximately constant along the edges. The mean tension in
the cracked laminate and angle of pull at failure were found to be
20± 5 kN/m and 30◦ ± 5◦ respectively. There was large variability in
the measured failure force for a particular bite depth. This was due to
small rotations in the window frame and uncertainties in the eccent-
ricity of the applied load. Nine of the twelve samples tested failed in
the joint region before maximum deflection was reached and there-
fore the full performance of the laminated glass was not reached in
these cases.
8.1.3 Measurement of blast load
The method of measuring pressure in a gauge block separate to the
test cubicle was found to be unreliable and introduced uncertainties
in the blast load experienced by the laminated pane under test. Ar-
rival time of the blast wave measured at the cubicle and the gauge
block disagreed by up to 3ms. This difference in arrival time indic-
ates a difference in the impulse experienced at the test cubicle and
that measured by the gauge block. Charge asymmetry and difference
in stand-off distances were likely causes of these discrepancies.
8.2 behaviour of pvb
Experimental investigations into the dynamic behaviour PVB were
conducted. The small-strain viscoelastic behaviour was measured us-
ing DMA and the large-strain tensile behaviour of PVB was investig-
ated using a high-speed servo-hydraulic testing machine.
8.2.1 Small-strain viscoelastic behaviour
It was found that the PVB had a glassy tensile modulus of the order of
1GPa and a rubbery modulus of the order of 1MPa. The PVB showed
a transition between the two moduli over a temperature range of 5◦C
to 40◦C. A generalized Maxwell model with six relaxation constants
was found to provide an accurate description of the shear relaxation
modulus at time scales ranging from 10−8 s to 103 s for small strains.
Differences in glass transition temperature in PVB produced by
different manufacturers was identified. Butacite PVB produced by
DuPont had a glass transition temperature approximately 5◦C to 10◦C
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higher than that of Saflex PVB produced by Solutia. A temperature
shift of ±5◦C about a reference temperature of 20◦C was found to be
equivalent to a decade shift in frequency. A low operating temperat-
ure would therefore result in a stiffer interlayer, possibly leading to
brittle behaviour at high strain rates. The glass transition temperat-
ure of the PVB therefore needs to considered with reference to the
expected operating temperature if brittle behaviour is to be avoided.
8.2.2 Large-strain behaviour
The stress-strain behaviour in constant strain rate testing was charac-
terised by an initial rate-dependent increase in stress at small strains
with a hyperelastic type material response at larger strains. The ini-
tial modulus at small-strains compared well with DMA results, with
both tending towards a tensile modulus in the order of 1GPa at short
time scales. The stress at which the initial linear region ended was
found to vary between 1.3MPa and 19MPa over a strain rates range
of 0.2 s−1 to 400 s−1. An empirical cube root expression was suggested
to relate this overstress to strain rate.
It was found that the engineering stress at failure varied from
30MPa at a strain rate of 0.2 s−1 to 38MPa at 400 s−1, correspond-
ing to a true stress at failure of 95MPa and 120MPa respectively. The
strain to failure was found to vary between 225% and 200%, showing
a slight reduction over the same strain rate range. Failure stress and
strain were found to be proportional to the logarithm of strain rate.
No current model completely captures the influence of time effects
on the stress in the PVB at all strains. Without such a model of the
PVB response, a physically based model of the behaviour of cracked
laminated glass cannot be formed.
8.3 cracked laminated glass
The stress-strain behaviour of cracked laminated glass under tensile
loading was investigated using a high-speed servo-hydraulic testing
machine. The effects of interlayer thicknesses, crack spacing, crack
pattern and extension rate were determined. Four PVB interlayers, of
thicknesses 0.38mm, 0.76mm, 1.52mm and 2.28mm, were tested at
nominal strain rates from 0.1 s−1 to 100 s−1.
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8.3.1 Stress-strain response
The stress-strain response of cracked laminated glass under a con-
stant rate of extension was characterised by an initial, approximately
linear, rise in stress followed by a constant plateau level stress until
failure. The plateau stress was caused by delamination between the
PVB interlayer and the glass fragments and was observed to increase
approximately proportionally to the logarithm of strain rate. At the
lowest strain rate of 0.1 s−1 the plateau stress was of the order 5MPa
to 10MPa. At the highest strain rate of 100 s−1 the plateau stress was
of the order 25MPa. A power law equation was proposed to describe
plateau stress as a function of strain rate and constants were determ-
ined for the four interlayer thicknesses tested. The results can be used
to estimate the maximum force that the laminate is able to apply to
the window frame for a particular interlayer thickness. This is a par-
ticularly useful parameter when sizing glazing joints.
8.3.2 Interlayer thickness
It was found that there was a significant difference in the failure
strains of the two thinner interlayers and the two thicker interlayers.
The two thicker interlayers had a consistent nominal failure strain of
the order of 150% across the range of strain rates whereas the nom-
inal failure strain for the thinner interlayers decreased with increas-
ing strain rate. A high-speed camera coupled with a polariscope was
used to measure the length of the delamination zones between the
PVB and glass fragments. It was found that when the thinner inter-
layers were tested at higher rates, the delamination front would not
progress fast enough to relieve the strain in the PVB ligament that
bridges the glass fragments. This caused the strain in the PVB liga-
ment to reach failure strain quicker and at lower values of nominal
strain in the cracked laminate. At the strain rates expected in a blast
event the thin interlayers would have failed in a brittle manner, with
relatively little energy absorbed before failure. For this reason a min-
imum interlayer thickness of 1.52mm for laminated glass should be
specified when blast resistance is required.
8.3.3 Crack spacing and pattern
The recorded plateau stress was largely unaffected by changes in
crack spacing and pattern. However, for increased crack spacing an in-
crease in initial stiffness was observed. This was a result of a reduced
number of cracks, allowing fewer PVB bridges to form, thus redu-
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cing compliance in the sample. The randomly cracked test samples
were the most compliant due to their high crack density. Failure
strain was also affected by the crack spacing and pattern. In the reg-
ularly cracked samples the nominal strain to failure was found to
decrease with increasing crack spacing. This was again a result of the
reduced number of cracks along the length of the sample. The ran-
domly cracked samples also showed a reduction in nominal failure
strain. This was a result of fragments that are randomly orientated
not lining up exactly and creating areas of locally high stress and
strain that initiate tears in the interlayer. To completely capture the
effects of crack density on stiffness and failure strain in a model of
cracked laminated glass, a prediction of the crack pattern in the glass
plies would need to be made.
8.4 strength of glazing joints
The strength of single-sided silicone glazing joints of varying depth,
angles of pull and extension rates were investigated. This was done by
replicating the loads imposed on the joint by the cracked laminated
glass in a blast event using a specially designed test fixture and a
high-rate tensile testing machine.
8.4.1 Depth of joint and angle of pull
It was found that the joint failure force was linearly related to the joint
bite depth for bite depths between 10mm and 40mm. Joint strength
varied between 1.11MPa and 2.31MPa depending on the angle of
pull and displacement rate. Strength increased as displacement rate
increased.
Strength also increased for low and negative angles of pull. At these
angles a more even distribution of stress is present in the joint due
to a reduction in internal bending moments. At negative angles the
tearing mode was due to high shear stress rather than a high tensile
stress, resulting in a higher strength value. The change in strength
between a 30◦ pull and a 60◦ pull was found to be negligible. For
design purposes a joint strength not greater than 1.1MPa should be
allowed with an appropriate safety factor.
8.4.2 Variability in failure load
Failure of the joints was initiated by tears forming in areas of high
tensile stress which were usually located in the corners of the joint.
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However, load continued to increase even after tears formed. By con-
sidering the force at the time of first tear it was found that 60% of
the test samples showed no signs of tearing until the applied force ex-
ceeded 70% of the maximum force. However, the first tears to appear
were located at the unbonded edges of the test samples. These initial
tears were therefore likely to be a result of edge effects and may not
be present in a full length glazing joint.
8.5 prediction of blast response
A finite element model was constructed to predict the response of the
laminated glass to blast loading in the precrack and postcrack phases.
The model was constructed using shell elements and was split into
two distinct phases to described the precrack and postcrack response.
8.5.1 Precrack response
In the precrack phase it was determined that the effects of viscoelasti-
city in the PVB interlayer were negligible at short time scales by com-
paring the results of the shell element model against a full solid con-
tinuum element model. Fracture of the glass plies was predicted us-
ing a maximum in-plane principal tensile stress criteria. The point
of fracture predicted by the model occurred before that observed in
the blast tests. This was likely to be a result of the flexibility of the
window frame and support structure reducing the stress in the lamin-
ated pane compared to the infinitely stiff assumption used in the FE
model. The fracture stress of glass is also subject to wide variability.
8.5.2 Comparison with blast tests
The postcrack phase of the laminate response was modelled by redu-
cing the stiffness of the glass layers to zero and using a rate-dependent
plasticity law to describe the membrane response of the cracked lam-
inate. Comparisons between the predictions generated using the model
and experimental data from blast testing showed that the finite ele-
ment shows good agreement initially but over predicts the maximum
deflection. The deflected shape also deviated from that observed in
blast testing. This was possibly due to the omission of any residual
flexural stiffness in the model of the cracked laminate after the glass
plies fracture. Reaction forces were predicted to be relatively constant
along the edge of the pane, only reducing in the corner regions. The
predicted reaction forces were approximately 40% larger than those
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measured in blast testing and the angle of pull was overestimated by
25%. These deviations were again likely to be a result of the flexibil-
ity of the window frame and the model assumption of zero flexural
stiffness. Fluid-structure interaction effects were also not accounted
for.
8.5.3 Pressure-impulse analysis
A pressure-impulse analysis was conducted using the model to de-
termine iso-damage levels for varying charge weights and stand-off
distances. The iso-damage curves agreed well with those generated
using a single-degree-of-freedom analysis, with a 20%maximum strain
damage curve being approximately equivalent to a maximum 200mm
deflection damage curve produced using the single-degree-of-freedom
model.
8.6 further work
In the course of this research many areas for future investigation have
been identified. Some suggestions of the topics requiring attention
and possible methods of investigation are given here.
Blast testing
The main limitations encountered in blast testing were errors in edge
reaction forces due to the flexibility of the test cubicle, errors in the
measured blast pressure from using a separate gauge block and a lim-
ited time for valid results from the image correlation technique due
to motion of the cameras. These factors could be overcome by con-
structing a purpose built cubicle for making detailed measurements
of this type.
A purpose built cubicle could incorporate a strain gauge arrange-
ment to measure edge reaction forces for the panels under test. The
strain gauges could be bonded to a steel clad, reinforced concrete cu-
bicle front. The added mass of the concrete and increased stiffness
due to the larger section thickness would reduce the deflections of
the cubicle front in a blast. If the strain gauges were incorporated
into the cubicle front rather than the framing of the test panel they
could be reused, reducing the effort and expense needed to make
edge reaction measurements. A near rigid cubicle front would also
allow direct comparison with finite element models without the need
to account for flexibility in the boundary conditions.
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Pressure gauges were not mounted on the cubicle in these tests be-
cause vibration of the steel front causes large errors in the measured
pressure. With a concrete cubicle front the vibration is minimised and
pressure gauges mounted on it would yield accurate readings. How-
ever, pressure cannot be measured directly on the window surface
using this type of pressure gauge. If pressure gauges were located
around the perimeter of the window a simple interpolation could be
performed to give an improved estimate of the actual loading on the
window. Alternatively if the cubicle was loaded symmetrically and
the window pane only occupied half of the front face, an array of
gauges could be located on the other half of the front face to yield the
same pressure values.
Camera vibration could be reduced by providing a heavy, stiff and
wide-based stand mounted on vibration damping feet. The heavier
the stand, the smaller the deflections would be from ground shock.
Such a stand could be constructed by casting a large reinforced con-
crete base, with an optical rail on top to provide mounting for the
cameras. Additional lighting could also be mounted here, minimising
variation in light intensity due to motion of the lights. It is suggested
that a minimum of two 1 kW flood lights should be used for this type
of test.
With this type of setup the full performance of laminated glass and
other blast resistant panels could be evaluated in detail. The inform-
ation gathered from testing on such a rig would be invaluable for
investigating the performance of blast resistant panels and for devel-
oping specifications for their blast resistance.
Effect of adhesion
The effect of the level of adhesion between the PVB and the glass was
not investigated here. The level of adhesion at the interface between
the glass and PVB determines the delamination behaviour, which in
turn controls failure strain and stress in the PVB. A higher level of
adhesion will slow the propagation of the delamination front, leading
to a build up of strain in the PVB ligament and failure at a lower
nominal strain. A low level of adhesion will allow the delamination
front to propagate faster, reducing the strain in the PVB ligament and
preventing premature failure. However, too little adhesion will lead
to glass fragments becoming debonded from the interlayer, negating
the primary benefit of laminated glass.
The optimum level of adhesion for various applications needs to
be investigated. To do this the level of adhesion between the PVB and
glass needs to be measured accurately. This could be achieved by per-
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forming peel tests to measure the energy absorbed in the debonding
process at the interface between the PVB and glass. Development of
such methods should be done with the cooperation of commercial
laminating companies so that suitable quality control tests and pro-
cedures can developed. This is to ensure the correct level of adhesion
is achieved for the required application. The effects of temperature
on the delamination process should also be determined.
Flexural stiffness of cracked glass
The residual flexural stiffness in cracked laminated glass was not
taken into account in the finite element model presented in this thesis
and is a likely source of some of its inaccuracies. It would be difficult
to apply conventional flexural stiffness test methods, such as a four
point bending test, due to the rate dependence of the PVB and the
presence of membrane strain in the laminate.
A possible test method for reproducing the type of loading seen in
the cracked laminate during a blast would be a drop tower type test. If
a strip of laminated glass with an initial velocity was quickly brought
to rest at the edges, the momentum of the centre region would cause
deformation equivalent to that seen in the blast tests. If the initial
velocity was large enough (in the order of 15m/s to 30m/s) and the
edges were brought to rest in less than a millisecond then transverse
waves would propagate in the cracked laminate towards the centre of
the strip, as observed in the blast tests. Analysis of the propagation
of these waves could be used to derive the flexural stiffness of the
crack laminate, either analytically or by comparison with finite ele-
ment models. High-speed image correlation is one possible method
of measuring the deflected shape and piezoelectric load-cells could be
used to measure the edge reaction forces. However, achieving an ini-
tial velocity in the order of 15m/s to 30m/s would require a long drop
height or additional acceleration from springs. Bringing the edges to
complete rest in less than a millisecond would also be technically very
challenging.
Improved design of glazing joints
Design of glazing joints could be improved by tooling the silicone to
a 45◦ fillet instead of having a square edge. This would reduce stress
concentrations in the corner of the joints. Avoiding sharp corners by
chamfering the glass and frames edge will also reduce stress concen-
trations. The stress distribution in the joint could also be made more
uniform by allowing the frame to plastically deform and rotate, re-
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ducing the eccentricity of the loading path and stress concentrations
at all angles of pull to increase the effective joint strength. A notch
running parallel to the frame edge would allow the frame to rotate
under load, reducing the eccentricity of the applied load and cre-
ating a uniform stress distribution in the joint. The effects of these
simple modifications on the strength of the joint should be quantified
by further testing to determine how beneficial they are and whether
achieving this benefit is commercially viable. The strength of other
configurations, such as double sided glazing joints and the relative
performance of glazing tape with silicone, should also be investig-
ated.
Whole façade response
In the work presented in this thesis it has always been assumed that
the laminated glass window is in a frame with minimal flexibility.
However, large glazed façades offer the possibility of allowing the
supporting structure to deflect with the window, slowing down the
deceleration of the window and reducing the stress in the laminated
glass and connecting components. The limiting design criteria for
such a system would be the maximum allowable deflection for the
façade. Once this has been identified the whole façade design can
be optimised so that the maximum amount of energy is absorbed
without the stress in any component rising above its failure stress.
This could be achieved either by coupling the existing single-degree-
of-freedom models of the laminated glass with a single-degree-of-
freedom model of the framing structure or by modelling the frame
design and laminated glass in a finite element program.
Finite element model of cracked laminated glass
Omitting the residual flexural stiffness from the finite model developed
here was likely to be a contributing factor for the difference between
the predicted and measured deflected profiles. A method for meas-
uring the flexural stiffness has already been suggested here. How-
ever, incorporating it into a finite element model will require a user-
defined material model to be developed. Such a material model should
include the effects of crack density, strain rate and delamination on
the tensile and flexural stiffness of cracked laminated glass. The vari-
ation in failure strain with crack density and strain rate could also
be taken into account. Initial estimates of the crack density could be
determined from the stress distribution at the time of fracture.
The finite element model of laminated glass response should also
208
8.6 further work
be extended to allow automatic mesh generation upon specification of
window size and layup. Automatic calculation of iso-damage curves
could also be implemented using minimization techniques to find
the pressure and impulse required to produce a constant damage
level. Predictions of the finite element model for different pane sizes
and layups should be compared against the existing single-degree-of-
freedom models. Ideally, these predictions should be validated with
a program of blast tests.
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A
BLAST TEST RESULTS
introduction
This appendix details the experimental data gathered on the shape,
deflection and strain of blast loaded laminated glass windows using
high-speed cameras and digital image correlation (DIC). The blast re-
sponse of eight laminated glass panes and a single steel panel were
measured using this technique. The open-air blast experiments were
conducted between March 2008 and March 2010 at the GL Group
Spadeadam Test Site, Cumbria, UK. Details on the experimental meth-
ods can be found in Chapter 3
test configurations
Table A.1 gives details of the charge sizes, stand-off, pane size and
laminate layups tested. All laminated panels were constructed with
two plies of annealed glass and a PVB interlayer. Structural silicone
sealant was used to attach the glass to framing using either a single or
double sided joint around the window perimeter. Measurements of
edge loading were also made in tests one to four using strain gauges.
results
The following pages present figures of the raw high-speed camera
images, out-of-plane displacement, principle strain, strain rate, hori-
zontal and vertical cross-sections of displacement at selected time in-
tervals for each test. Time-histories of central displacement, velocity
and acceleration are also given.
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A blast test results
test 1
Test one was conducted using a charge weight of 15 kg at 10m. The
single sided joint failed around the perimeter but the pane came to
rest at a deflection of approximately 350mm. The joint failure was
first observed at 23ms (180mm displacement) after the charge deton-
ated. No tearing of the PVB interlayer was observed. The peak values
for velocity and acceleration were approximately 26m/s and 6 km/s2
respectively. Strain in the cracked laminated glass was concentrated
near the edges and reached over 15%. Strain rates in excess of 20 s−1
were also observed.
 0
 50
 100
 150
 200
 250
 300
 350
 400
 15  20  25  30  35
-10
-5
 0
 5
 10
 15
 20
 25
 30
z
 (
m
m
)
v
 (
m
/
s)
, 
a
 (
k
m
/
s2
)
t (ms)
z
v
a
Figure A.1: Displacement z, velocity v and acceleration a for test 1.
220
 0
 1
0
0
 2
0
0
 3
0
0
 4
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
z (mm)
x
 (
m
m
)
(a
)
T
ak
en
at
y
=
0
 0
 1
0
0
 2
0
0
 3
0
0
 4
0
0
-8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
z (mm)
y
 (
m
m
)
(b
)
T
ak
en
at
x
=
0
F
ig
u
re
A
.2
:
O
u
t-
o
f-
p
la
n
e
d
is
p
la
ce
m
en
t
cr
o
ss
-s
ec
ti
o
n
s
fo
r
te
st
1.
L
in
es
ar
e
sp
ac
ed
at
2
m
s
in
te
rv
al
s
u
p
to
29
m
s.
221
F
ig
u
re
A
.3
:
R
aw
im
ag
es
fr
o
m
to
p
ca
m
er
a
fo
r
te
st
1.
222
-8
00
-6
00
-4
00
-2
00 0
 2
00
 4
00
 6
00
 8
00
y (mm)
t 
=
 1
5.
0 
m
s
0 -8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
t 
=
 1
7
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
t 
=
 1
9
.0
 m
s
4
0
8
0
-8
00
-6
00
-4
00
-2
00 0
 2
00
 4
00
 6
00
 8
00
t 
=
 2
1.
0 
m
s
40
80
12
0
 0 8
0
 1
60
 2
40
 3
20
 4
00
Displacement, δz (mm)
-8
00
-6
00
-4
00
-2
00 0
 2
00
 4
00
 6
00
 8
00
-6
00
-4
00
-2
00
 0
 2
00
 4
00
 6
00
y (mm)
x
 (
m
m
)
t 
=
 2
3.
0 
m
s
80
12
0
16
0
-8
00
-6
00
-4
00
-2
00 0
 2
00
 4
00
 6
00
 8
00
-6
00
-4
00
-2
00
 0
 2
00
 4
00
 6
00
x
 (
m
m
)
t 
=
 2
5.
0 
m
s
80
120
16
0
20
0
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
x
 (
m
m
)
t 
=
 2
7
.0
 m
s
120
1
6
0
2
0
0
2
4
02
80
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
x
 (
m
m
)
t 
=
 2
9
.0
 m
s
80
120
1
6
0
2
0
0
2
4
0
2
8
0
 6
00
 0 8
0
 1
60
 2
40
 3
20
 4
00
Displacement, δz (mm)
F
ig
u
re
A
.4
:
O
u
t-
o
f-
p
la
n
e
d
is
p
la
ce
m
en
t
fo
r
te
st
1.
223
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
y (mm)
t 
=
 1
5
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
t 
=
 1
7
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
t 
=
 1
9
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
t 
=
 2
1
.0
 m
s
 0 0
.0
5
 0
.1
 0
.1
5
 0
.2
Strain, ε
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
y (mm)
x
 (
m
m
)
t 
=
 2
3
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
x
 (
m
m
)
t 
=
 2
5
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
x
 (
m
m
)
t 
=
 2
7
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
x
 (
m
m
)
t 
=
 2
9
.0
 m
s
 6
0
0
 0 0
.0
5
 0
.1
 0
.1
5
 0
.2
Strain, ε
F
ig
u
re
A
.5
:
P
ri
n
ci
p
le
st
ra
in
fo
r
te
st
1.
224
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
y (mm)
t 
=
 1
5
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
t 
=
 1
7
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
t 
=
 1
9
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
t 
=
 2
1
.0
 m
s
-2
0
-1
0
 0 1
0
 2
0
 3
0
Strain rate, dε/dt (s
-1
)
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
y (mm)
x
 (
m
m
)
t 
=
 2
3
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
x
 (
m
m
)
t 
=
 2
5
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
x
 (
m
m
)
t 
=
 2
7
.0
 m
s
-8
0
0
-6
0
0
-4
0
0
-2
0
0 0
 2
0
0
 4
0
0
 6
0
0
 8
0
0
-6
0
0
-4
0
0
-2
0
0
 0
 2
0
0
 4
0
0
 6
0
0
x
 (
m
m
)
t 
=
 2
9
.0
 m
s
 6
0
0
-2
0
-1
0
 0 1
0
 2
0
 3
0
Strain rate, dε/dt (s
-1
)
F
ig
u
re
A
.6
:
P
ri
n
ci
p
le
st
ra
in
ra
te
fo
r
te
st
1.
225
 0
 5
 10
 15
 20
 25
 30
 35
 40
 12  14  16  18  20  22  24  26  28  30
 0
 10
 20
 30
 40
 50
F
/b
 (
k
N
/
m
)
θ 
(d
eg
)
t (ms)
Post-fracturePre-fracture Tension
θ approx.
θ Exp.
Figure A.7: Calculated tension in cracked laminate and angle of pull for top
gauge location window 1, test 1.
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Figure A.8: Calculated tension in cracked laminate and angle of pull for bot-
tom gauge location window 1, test 1.
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Figure A.9: Calculated tension in cracked laminate and angle of pull for
centre gauge location window 1, test 1.
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Figure A.10: Calculated tension in cracked laminate and angle of pull for
wall gauge location window 1, test 1.
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Figure A.11: Calculated tension in cracked laminate and angle of pull for
top gauge location window 2, test 1 (angle taken from window
1).
 0
 5
 10
 15
 20
 25
 30
 35
 40
 12  14  16  18  20  22  24  26  28  30
 0
 10
 20
 30
 40
 50
F
/b
 (
k
N
/
m
)
θ 
(d
eg
)
t (ms)
Post-fracturePre-fracture Tension
θ approx.
Figure A.12: Calculated tension in cracked laminate and angle of pull for
bottom gauge location window 2, test 1 (angle taken from win-
dow 1).
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Figure A.13: Calculated tension in cracked laminate and angle of pull for
centre gauge location window 2, test 1 (angle taken from win-
dow 1).
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Figure A.14: Calculated tension in cracked laminate and angle of pull for
wall gauge location window 2, test 1 (angle taken from window
1).
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A blast test results
test 2
Test two was conducted using a charge weight of 15 kg at 13m. The
pane reached a maximum deflection of approximately 170mm at
32ms before rebounding. The single sided joint began to fail on the
rebound phase. No tearing of the PVB interlayer was observed. The
peak values for velocity and acceleration were approximately 18m/s
and 4 km/s2 respectively. Strain in the cracked laminated glass was not
as concentrated near the edges as test one and did not exceed 4%. The
maximum strain rates observed did not exceed 10 s−1. The DIC data
is not valid beyond 52ms due to vibration of the cameras.
-200
-150
-100
-50
 0
 50
 100
 150
 200
 10  20  30  40  50  60
-80
-60
-40
-20
 0
 20
 40
 60
z
 (
m
m
)
v
 (
m
/
s)
, 
a
 (
k
m
/
s2
)
t (ms)
z
v
a
Figure A.15: Displacement z, velocity v and acceleration a for test 2.
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Figure A.21: Calculated tension in cracked laminate and angle of pull for
top gauge location window 1, test 2.
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Figure A.22: Calculated tension in cracked laminate and angle of pull for
bottom gauge location window 1, test 2.
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Figure A.23: Calculated tension in cracked laminate and angle of pull for
centre gauge location window 1, test 2.
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Figure A.24: Calculated tension in cracked laminate and angle of pull for
wall gauge location window 1, test 2.
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Figure A.25: Calculated tension in cracked laminate and angle of pull for
top gauge location window 2, test 2 (angle taken from window
1).
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Figure A.26: Calculated tension in cracked laminate and angle of pull for
bottom gauge location window 2, test 2 (angle taken from win-
dow 1).
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Figure A.27: Calculated tension in cracked laminate and angle of pull for
centre gauge location window 2, test 2 (angle taken from win-
dow 1).
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Figure A.28: Calculated tension in cracked laminate and angle of pull for
wall gauge location window 2, test 2 (angle taken from window
1).
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A blast test results
test 3
Test three was conducted using a charge weight of 35 kg at 16m. The
joint began to fail down the right hand edge at a time of 38ms and
displacement of approximately 200mm. The DIC technique was un-
able to compute results beyond this time due saturation of the im-
ages from light entering around the failed joint. No tearing of the
PVB interlayer was observed. The peak values for velocity and ac-
celeration were approximately 21m/s and 4 km/s2 respectively. Strain
in the cracked laminated glass was concentrated near the edges and
reached over 6%. The maximum strain rates observed were in the
order of 10 s−1.
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Figure A.29: Displacement z, velocity v and acceleration a for test 3.
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Figure A.35: Calculated tension in cracked laminate and angle of pull for
top gauge location window 1, test 3.
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Figure A.36: Calculated tension in cracked laminate and angle of pull for
bottom gauge location window 1, test 3.
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Figure A.37: Calculated tension in cracked laminate and angle of pull for
centre gauge location window 1, test 3.
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Figure A.38: Calculated tension in cracked laminate and angle of pull for
wall gauge location window 1, test 3.
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Figure A.39: Calculated tension in cracked laminate and angle of pull for
offset gauge location window 1, test 3.
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Figure A.40: Calculated tension in cracked laminate and angle of pull for
top gauge location window 2, test 3 (angle taken from window
1).
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Figure A.41: Calculated tension in cracked laminate and angle of pull for
bottom gauge location window 2, test 3 (angle taken from win-
dow 1).
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Figure A.42: Calculated tension in cracked laminate and angle of pull for
centre gauge location window 2, test 3 (angle taken from win-
dow 1).
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Figure A.43: Calculated tension in cracked laminate and angle of pull for
wall gauge location window 2, test 3 (angle taken from window
1).
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A blast test results
test 4
Test four was conducted using a charge weight of 30 kg at 14m. The
joint had completely failed around the perimeter by 30ms at displace-
ment of approximately 265mm. The pane was still accelerating at this
point and continued travelling into the cubicle until it hit a screen
protecting the cameras. The peak values for velocity and acceleration
were approximately 34m/s and 6 km/s2 respectively. No tearing of the
PVB interlayer was observed. Strain in the cracked laminated glass
was concentrated near the edges and reached over 10% in the corners
and 5% to 6% near the edges. The maximum strain rates observed
were in the order of 15 s−1. The dark regions in the later strain rate
plots (27ms and 28ms) indicate negative strain rates of over −10 s−1
in areas where the joint has failed.
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Figure A.44: Displacement z, velocity v and acceleration a for test 4.
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Figure A.50: Calculated tension in cracked laminate and angle of pull for
top gauge location window 1, test 4.
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Figure A.51: Calculated tension in cracked laminate and angle of pull for
bottom gauge location window 1, test 4.
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Figure A.52: Calculated tension in cracked laminate and angle of pull for
centre gauge location window 1, test 4.
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Figure A.53: Calculated tension in cracked laminate and angle of pull for
wall gauge location window 1, test 4.
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Figure A.54: Calculated tension in cracked laminate and angle of pull for
offset gauge location window 1, test 4.
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Figure A.55: Calculated tension in cracked laminate and angle of pull for
top gauge location window 2, test 4 (angle taken from window
1).
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Figure A.56: Calculated tension in cracked laminate and angle of pull for
bottom gauge location window 2, test 4 (angle taken from win-
dow 1).
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Figure A.57: Calculated tension in cracked laminate and angle of pull for
centre gauge location window 2, test 4 (angle taken from win-
dow 1).
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Figure A.58: Calculated tension in cracked laminate and angle of pull for
wall gauge location window 2, test 4 (angle taken from window
1).
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A blast test results
test 5
Test five was conducted using a charge weight of 100 kg at 25m. The
pane reached a maximum deflection of approximately 200mm before
rebounding. The erratic velocity and acceleration values are due to
vibrations of the cameras. Movement of the cameras was first observ-
able after 53ms, data after this point should be treated with caution
due to errors from camera motion. The joint showed signs of failure
on rebound and later inspection revealed the sealant had not fully
cured (a one-part sealant had been used instead of the two-part sil-
icone sealants used for the other tests). The peak values for velocity
and acceleration were approximately 22m/s and 4 km/s2 respectively.
No tearing of the PVB interlayer was observed. Strain in the cracked
laminated glass was largely concentrated near the edges and did not
exceed 4%. The maximum strain rates observed were of the order of
5 s−1 to 10 s−1.
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Figure A.59: Displacement z, velocity v and acceleration a for test 5.
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Figure A.61: Raw images from left camera for test 5.
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Figure A.62: Out-of-plane displacement for test 5.
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Figure A.63: Principle strain for test 5.
266
-600
-400
-200
 0
 200
 400
 600
y
 (
m
m
)
39.0 ms
-600
-400
-200
 0
 200
 400
 600
47.0 ms
-600
-400
-200
 0
 200
 400
 600
y
 (
m
m
)
41.0 ms
-600
-400
-200
 0
 200
 400
 600
49.0 ms
-600
-400
-200
 0
 200
 400
 600
y
 (
m
m
)
43.0 ms
-600
-400
-200
 0
 200
 400
 600
51.0 ms
-600
-400
-200
 0
 200
 400
 600
-800 -600 -400 -200  0  200  400  600  800
y
 (
m
m
)
x (mm)
45.0 ms
-600
-400
-200
 0
 200
 400
 600
-800 -600 -400 -200  0  200  400  600  800
x (mm)
53.0 ms
-10 -5  0  5  10  15  20
Strain rate, dε/dt (s-1)
Figure A.64: Principle strain rate for test 5.
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Figure A.65: Angles of pull formed at the midpoint of each edge in test 5.
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A blast test results
test 6
Test six was an identical configuration to test five (charge weight
of 100 kg at 25m) and the results were closely repeated. The pane
again reached a maximum deflection of approximately 200mm be-
fore rebounding. Erratic velocity and acceleration values were ob-
served after 53ms due to camera motion. The joint showed signs
of failure on rebound and later inspection revealed the sealant had
not fully cured. The peak values for velocity and acceleration were
approximately 22m/s and 5 km/s2 respectively. No tearing of the PVB
interlayer was observed. Strain in the cracked laminated glass was
largely concentrated near the edges and did not exceed 4% (except in
the corners). The maximum strain rates observed were in the order of
10 s−1.
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Figure A.66: Displacement z, velocity v and acceleration a for test 6.
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Figure A.68: Raw images from left camera for test 6.
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Figure A.69: Out-of-plane displacement for test 6.
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Figure A.70: Principle strain for test 6.
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Figure A.71: Principle strain rate for test 6.
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Figure A.72: Angles of pull formed at the midpoint of each edge in test 6.
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A blast test results
test 7
Test seven was conducted using a charge weight of 100 kg at 17m
with a larger panel than tests one to six. The glass had a white
enamel coating on the side that was bonded using silicone sealant.
This proved to be a weak point and failure was observed at the
enamel-glass interface. At the first observed failure of the coating
the central displacement was approximately 210mm (34ms after det-
onation). A peak displacement of 500mm was recorded before the
DIC technique could not continue. The pane was slowing down at
this time and it did not enter into the cubicle much further than
this. The peak values for velocity and acceleration were approxim-
ately 22m/s and 6 km/s2 respectively. No tearing of the PVB interlayer
was observed. Strain in the cracked laminated glass was concentrated
near the edges and was in the order of 5%. The maximum strain rates
observed were in the order of 10 s−1. Negative strain rates of over
−15 s−1 were observed in the cracked laminate after joint failure.
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Figure A.73: Displacement z, velocity v and acceleration a for test 7.
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Figure A.75: Raw images from left camera for test 7.
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Figure A.76: Out-of-plane displacement for test 7.
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Figure A.77: Principle strain for test 7.
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Figure A.78: Principle strain rate for test 7.
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Figure A.79: Angles of pull formed at the midpoint of each edge in test 7.
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A blast test results
test 8
Test eight was conducted using a charge weight of 500 kg at 30m,
again with a large panel. The glass was bonded with a double sided
silicone sealant joint to ensure retention in the frame (two-part silic-
one was used). However, due to a supplier error, an interlayer thick-
ness of 0.76mmwas supplied instead of the 1.52mm used in the other
tests. The result of the thinner PVB was complete tearing of the inter-
layer around the perimeter of the window. At the first observed fail-
ure of the PVB the central displacement was approximately 190mm
(49ms after detonation). A peak displacement of almost 600mm was
recorded before the DIC technique could not continue. The pane con-
tinued to travel into the cubicle until it hit the camera stands over 4m
away. The peak values for velocity and acceleration were approxim-
ately 31m/s and 6 km/s2 respectively. Strain in the cracked laminated
glass was concentrated near the edges and was of the order of 10% to
15%. The maximum strain rates observed were in excess of 30 s−1.
 0
 100
 200
 300
 400
 500
 600
 35  40  45  50  55  60
-10
-5
 0
 5
 10
 15
 20
 25
 30
 35
z
 (
m
m
)
v
 (
m
/
s)
, 
a
 (
k
m
/
s2
)
t (ms)
z
v
a
Figure A.80: Displacement z, velocity v and acceleration a for test 8.
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Figure A.82: Raw images from left camera for test 8.
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Figure A.83: Out-of-plane displacement for test 8.
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Figure A.84: Principle strain for test 8.
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Figure A.85: Principle strain rate for test 8.
288
 0
 5
 10
 15
 20
 25
 30
 35  40  45  50  55  60
θ 
(d
eg
)
t (ms)
Left
Right
Top
Bottom
Figure A.86: Angles of pull formed at the midpoint of each edge in test 8.
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A blast test results
test 9
Test nine was conducted using a charge weight of 100 kg at 20m
with a 3mm thick steel panel. A peak displacement of approximately
98mm was recorded before the panel rebounded. The peak values
for velocity and acceleration were approximately 30m/s and 14 km/s2
respectively. Erratic velocity and acceleration values were observed
after 39ms. This was a result of camera motion from ground vibra-
tions. The cross section plots show a distinct ’M’ shape (the shape is
exaggerated on these plots because y-axis on these plots is not scaled
the same as the x-axis). This is possibly due to superposition of higher
modes of vibration of the plate. This ’M’ shape is also observed in the
laminated glass panels, but it is less noticeable due to the much lower
stiffness (especially after the glass fractures). Strain in the steel panel
was almost unobservable using the DIC technique due to noise in the
strain values (about 0.05%) resulting from background image noise.
Image noise could be reduced in future by increased lighting of the
panel.
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Figure A.87: Displacement z, velocity v and acceleration a for test 9.
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Figure A.88: Out-of-plane displacement cross-sections for test 9. Lines are
spaced at 1ms intervals up to 37ms.
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Figure A.89: Raw images from left camera for test 9.
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Figure A.90: Out-of-plane displacement for test 9.
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Figure A.91: Principle strain for test 9.
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Figure A.92: Principle strain rate for test 9.
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B
CRACKED LAMINATE STRESS - STRA IN GRAPHS
This appendix contains a full set of stress-strain graphs for all the
cracked laminated glass samples test. These can be used in future in-
vestigations to validate any material models of the cracked laminated
glass that are developed.
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(a) 10mm crack spacing.
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Figure B.1: Stress-strain response of 0.38mm PVB interlayer cracked glass at
different extension rates.
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(a) 10mm crack spacing.
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Figure B.2: Stress-strain response of 0.76mm PVB interlayer cracked glass at
different extension rates.
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(a) 10mm crack spacing.
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Figure B.3: Stress-strain response of 1.52mm PVB interlayer cracked glass at
different extension rates.
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Figure B.4: Stress-strain response of 2.28mm PVB interlayer cracked glass at
different extension rates.
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Figure B.5: Stress-strain response of 0.38mm PVB interlayer randomly
cracked glass at different extension rates.
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Figure B.6: Stress-strain response of 0.76mm PVB interlayer randomly
cracked glass at different extension rates.
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Figure B.7: Stress-strain response of 1.52mm PVB interlayer randomly
cracked glass at different extension rates.
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Figure B.8: Stress-strain response of 2.28mm PVB interlayer randomly
cracked glass at different extension rates.
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Figure B.9: Force and strain vs extension for a single crack specimen tested
at 0.01m/s.
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Figure B.10: Force and strain vs extension for a single crack specimen tested
at 0.1m/s.
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Figure B.11: Force and strain vs extension for a single crack specimen tested
at 1m/s.
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Figure B.12: Force and strain vs extension for a single crack specimen tested
at 10m/s.
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